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CHAPTER 1 GENERAL INTRODUCTION 
General pathways of double strand break repair 
DSB (Double strand break) is one of the major DNA lesions (Tuteja et al, 2001). DSB may 
be generated by exogenous sources such as ionizing radiation, by endogenous sources such 
as endonucleases, transposition of transposable elements, or as intermediates in normal 
cellular processes such as V(D)J gene rearrangements. The repair of DSB is important for the 
genetic integrity of all organisms. There are two major repair pathways. One is homologous 
recombination, and the other is non-homologous end joining. Homologous recombination 
requires the presence of homologous sequences in the genome. There are four major 
homologous recombination models (Pâques and Haber, 1999; Puchta, 1998; Puchta, 2005): 
(1). Double Strand Break Repair (DSBR) model describes conservative gene conversion 
events. 
(2). Synthesis dependent strand annealing (SDSA) model describes gene conversion events 
without crossover. 
(3). Single strand annealing (SSA) model describes repair of DSB with flanking direct 
repeats. The exposed 3' homologous overhangs anneal together, resulting in the deletion of 
DNA sequences between the two repeats. 
(4). One-sided invasion (OSI) model explains recombination events in which just one of the 
exposed 3' overhangs of a DSB invades the donor homologous sequences, and the repair of 
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the other side majorly occurs by non-homologous end joining. 
Non-homologous end joining involves deletion or insertion. The frequency and size of 
deletion or insertion, and the sources of filler DNA are species-dependent. In the yeast S. 
cerevisiae, non-homologous events typically involve the religation of DNA ends by base 
pairing, while, occasionally, non-homologous recombination occurs by insertion of short 
retrotransposon or mitochondrial DNA sequences (Moore et al, 1996; Ricchetti et al, 1999; 
Teng et al, 1996). In mammals, the majority of the recovered DSB repair events result in 
precise religation or minimal genetic change (Lin et al, 1999; Lin et al, 2001). 
In plants, the first molecular data on NHEJ come from the analysis of footprints left behind 
after transposable element Ac/Ds excision (Rinehart et al, 1997). These footprints usually 
consist of minor changes. These minor change patterns indicate that Ac transposase may be 
involved in the DSB repair, because other data suggest DSB repair by NHEJ in plants is more 
error-prone than in other eukaryotes (Gorbunova and Levy, 1999). 
Major proteins involved in DSB repair 
The Rad50/Mrell complex 
The Rad50/Mrell complex is required for both HR and NHEJ (Haber, 1998) and exists in 
organisms ranging from fungi to vertebrates. Both the domain structure and architecture of 
Mrell and Rad50 are highly conserved (D'Amours and Jackson, 2002). In eukaryotes, the 
Rad50/Mrell complex has another subunit (Nbsl in vertebrates and Xrs2 in S. cerevisiae) 
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that are less sequence conserved (D'Amours and Jackson, 2002). Mrell has four 
phophoesterase motifs in its N-terminal region that form a nuclease domain, and the central 
and C-terminal regions contain a DNA binding site and a site for Rad50 binding and Mrell 
dimerization (Assenmacher and Hopfner, 2004; D'Amours and Jackson, 2002). Rad50 
contains N- and C-terminal ATPase domains, and a long hep tad repeat insertion that forms an 
antiparallel coiled coil domain interrupted by a highly conserved CXXC motif. Mrell binds 
to the coiled coil domain near the ATPase domain of Rad50 (Assenmacher and Hopfner, 
2004; D'Amours and Jackson, 2002). The N- and C-terminal ATPase domains assemble into 
an ATP-binding cassette which has ATP-stimulated DNA binding activity (Hopfner et al, 
2001). Rad50, Mrell and Xrs2 form a stable complex by the interaction between subunits 
(Usui et al, 1998). Arabidopsis Rad50 and Mrell also form a complex (Daoudal-Cotterell et 
al, 2002). Electron microscopic analysis revealed that the complex forms a 
(Mre 11 )2(Rad50)2 tetramer with a globular head which contains two Mrell and two Rad50 
ATPase domains and a long coiled coil tail (Hopfner et al, 2001). 
The domain structures and the architecture of the Rad50 and Mrell proteins suggest that 
the Rad50/Mrell complex possesses both enzymatic and structural roles. Its enzymatic 
activities mainly include ssDNA endonuclease, 3' to 5' dsDNA exonuclease and hairpin 
opening; dsDNA exonuclease and hairpin opening additionally require Rad50 and ATP 
(D'Amours and Jackson, 2002; Hopfner et al, 2001; Lob ache v et al, 2002). The nuclease 
activities are not required for NHEJ (Lewis et al, 2004; Moreau et al, 1999). The role of the 
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nuclease activities in mitotic homologous recombination is not consistent between different 
studies (Lewis et al, 2004; Moreau et al, 1999), probably due to the different phosphoesterase 
motif used. During meiosis, the nuclease activity is required to remove Spoil bound to DSBs 
(Usui et al, 1998). 
The globular head in the (Mrel l)2(Rad50)2 tetramer contains two DNA-binding sites, 
suggesting that the complex could hold DNA ends in proximity. This end bridging property 
has been confirmed in both yeast (Chen et al, 2001) and mammals (De Jager et al, 2001). 
Furthermore, the flexible coiled coil tails can also interact with one another, so that the 
Rad50/Mrell complex could tether broken ends in NHEJ, and could additionally tether a 
broken end and the intact sister chromatid in HR (Da Jager et al, 2001). The tethering of 
broken DNA ends with sister chromatids may also stabilize the broken ends during NHEJ 
(Moore and Haber, 1996). 
Whether the Rad50/Mrell complex functions in HR, NHEJ or both is species-dependent. 
In S. cerevisiae, the complex is required for both homologous recombination (Bressan et al, 
1999) and nonhomologous end joining (Boulton and Jackson et al, 1998). In homologous 
recombination, sister chromatid recombination is more dependent on the Rad50/Mrell 
complex than interhomologue recombination, and its completion but not initiation is affected 
by deficiency of the complex (Bressan et al, 1999). In higher vertebrates, the complex is 
essential for homologous recombination but not for nonhomologous end 
joining(Yamaguchi-Iwai et al, 1999; Tauchi et al, 2002). The complex might be required to 
5 
process recombination intermediates because Nbsl mutant induced long tract gene 
conversion products (Tauchi et al, 2002) while non-crossover events in sister chromatid gene 
conversion are predominant in wild type cells (Johnson and Jasin, 2000). The roles of the 
complex in plants are not yet clear. 
Deletion of RAD50, MRE11 and XRS2 genes in yeast causes cells to grow slowly (Haber, 
1998). Disruption of RAD50, MRE11 and NBS1 genes in mammals results in cell inviability 
or embryotic lethality (Luo et al, 1999; Xiao and Weaver, 1997; Zhu et al, 2001). Disruption 
of the Arabidopsis RAD50 and MRE11 genes leads to plant sterility (Gallego et al, 2001; 
Puizina et al, 2004). These phenotypic properties indicate that the Rad50/Mrell complex is 
multifunctional (Haber, 1998). 
Major Proteins involved in homologous recombination 
Major proteins involved in homologous recombination are Rad51, Rad52, Rad54, Rad55, 
Rad57 and Rad59. Rad52 can bind DNA ends and has a higher affinity for tailed than for 
blunt-ended duplex DNA (Ristic et al, 2003). Once bound to a DNA end, Rad52 protects the 
ends from further degradation by exonuclease, and promotes end-to-end association through 
Rad52-Rad52 intermolecular interactions (Van Dyck et al, 1999), indicating that Rad52 plays 
a key role in the recognition and binding of DSB ends. In addition, Rad52 is capable of 
annealing homologous DNA strands (Mortensen et al, 1996), an activity that is essential for 
all the homologous recombination pathways. Furthermore, Rad51 and Rad52 interact 
physically (Kurumizcka et al, 1999; Shen et al, 1996). All these observations indicate that 
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Rad52 is essential for both Rad51 -dependent and Rad51 -independent homologous 
recombination pathways. 
A key process in Rad51-dependent homologous recombination pathways (DSBR, SDSA 
and OSI) is pairing and strand exchange. In eukaryotic organisms, strand exchange is carried 
out by Rad51. Rad51 polymerizes on single stranded DNA to form a nucleoprotein filament 
that searches for homologous double-stranded DNA and subsequently catalyzes a strand 
exchange reaction (Kanaar et al, 1997). The function of Rad51 needs the cooperation of 
Rad52, Rad54 and Rad55/Rad57 (Aylon and Kupiec, 2004; Symington, 2002). 
The SS A pathway is Rad51-independent. In the absence of Rad51, Rad54, Rad55 and 
Rad57, the ratio of SSA over gene conversion was significantly increased (Ivanov et al, 
1996), suggesting there is a competition between SSA and gene conversion for the repair of 
DSB with flanking direct repeats. Rad52 is important for SSA, and Rad59 is required when 
the direct repeats are short (Sugawara and Haber, 1992; Sugawara et al, 2000). 
Major proteins involved in nonhomologous end joining 
The core proteins involved in NHEJ are Ku heterodimer and the DNA ligase IV/XRCC4 
complex (Critchlow and Jackson, 1998). The Ku heterodimer is composed of Ku70 and 
Ku80. This dimerization is required for the stability of both Ku70 and Ku80 (Gu et al, 1997; 
Sigleton et al, 1997). Sequence analysis of Ku70 and Ku80 proteins from different organisms 
identified five conserved motifs (Gell and Jackson, 1999), indicating that Ku70 and Ku80 
might have evolved from a common ancestor. These five conserved motifs exist in all 
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organisms tested, including mammals, yeast and Arabidopsis (Gell and Jackson, 1999; 
Tamura et al, 2002), suggesting that their functions are also conserved. 
The function of Ku in DNA double strand break repair is demonstrated by the fact that 
ku70 and ku80 mutants in mammals, Arabidopsis and rad52 mutant yeast increase the 
sensitivity to ionizing radiation that causes DSBs (Bundock et al, 2002; Downs and Jackson, 
2004; Friesner and Britt, 2003). DSB repair by Ku is via NHEJ because both yeast and 
mammalian Ku stimulates NHEJ ligase-mediated DNA end joining in vitro (Downs and 
Jackson, 2004). 
Biochemical data indicate that Ku binds to double stranded DNA termini with high affinity 
(Blier et al, 1993; Ono et al, 1994). The end binding by Ku is sequence- and 
structure-independent. Ku can bind duplex DNA with blunt ends, 3' overhangs, 5' overhangs, 
hairpin loops, as well as those produced by ionizing radiation (Falzon et al, 1993; Pailland 
and Strauss, 1991; Pang et al, 1997). Once bound, Ku can translocate internally (Pailland and 
Strauss, 1991) and can also transfer between DNAs with cohesive or nonhomologous ends 
(Bliss and Lane, 1997; Chiu, et al, 2001). After DNA is bound, Ku is capable of 
self-association, resulting in a physical tethering of the broken strands (Cary et al, 1997).The 
mechanisms of Ku end binding were confirmed by crystal structure analysis of Ku 
heterodimer bound to DNA (Walker et al, 2001): Ku70 and Ku80 form a ring with a broad 
base to cradle DNA and a very narrow bridge that exposes much of the DNA surface area. 
This bridging complex probably can recruit additional NHEJ protein factors to the exposed 
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DNA surface area for efficient end joining. For example, Ku is required to recruit Ligase 
IV/XRCC4 complex (Nick McElhinny et al, 2000). 
The tight binding of Ku to DNA ends suggests that Ku can protect DNA ends from 
degradation. Indeed, in fission (Boulton and Jackson, 1998) and budding yeast (Manolis et al, 
2001), Ku70 mutants decreased both efficiency and fidelity of the rejoining of the DSBs in 
an in vivo plasmid rejoining assay. In Arabidopsis, the rejoining of linear plasmid DNA in 
ku80 mutant cells is less efficient than that in wild type cells (Gallego et al, 2003). 
Ku80-deficient mammalian cells also showed reduced stability of plasmid DNA and 
decreased precise end joining in an in vivo plasmid rejoining assay (Liang and Jasin, 1996). 
In mammals, two additional important proteins are involved in NHEJ - DNA-PKcs and 
Artemis. DNA-PKcs is a serine-threonine kinase and Artemis is a nuclease. Structural 
analysis of DNA-PKcs revealed both single and double stranded DNA binding channels 
(Leuther et al, 1999). DNA-PKcs can bind blunt ends, ends with cohesive ends and 
non-complementary overhangs (DeFazio et al, 2002). A single DNA-PKcs binds to one DNA 
end. Dimerization of DNA-PKcs can bridge two ends, forming a synapsis (DeFazio et al, 
2002). Although Ku also stimulates synapsis of two ends, the synapsis with DNA-PKcs is 
greater than that with Ku, suggesting that DNA-PKcs is a better canidate for bridging DSB 
ends(DeFazio et al, 2002). This is further confirmed by the fact that the extreme C-terminus 
of Ku80 interacts specifically with DNA-PKcs (Cell and Jackson, 1999), and upon recruiting 
DNA-PKcs to the DNA end, Ku translocates inward and leaves DNA-PKcs bound to the 
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termini (Yaneva et al, 1997; Yoo and Dynan, 1999). Artemis has a 5' exonuclease activity. 
Artemis and DNA-PKcs form a physical complex, and DNA-PKcs can phosphorylate 
Artemis (Ma et al, 2002). The Artemis/DNA-PKcs complex has endonuclease activity at both 
5' and 3' overhangs and can also open hairpins (Ma et al, 2002). DNA-PKcs can also interact 
with and phosphorylate XRCC4 (Leber et al, 1998). The interactions between different pairs 
of proteins such as Ku70-Ku80, Ku70-Ligase IV, Ku80-DNA-PKcs, DNA-PKcs-XRCC4, 
DNA-PKcs-Artemis, may be essential for the stability of the multiprotein repair complex, 
and consequently for efficient end processing and ligation (Hsu et al, 2002). In summary, 
NHEJ in mammals proceeds in a defined order (De Fazio et al, 2002; Hefferin et al, 2005): 
Step 1. Ku binds to broken DNA ends. Step 2. Ku recruits DNA-PKcs/Artemis to DNA 
termini and translocates inward. Step 3. Dimerization of DNA-PKcs bridges two ends, 
forming DNA synapsis. Step 4. DNA synapsis activates DNA-PK kinase. Activated 
DNA-PKcs phosphorylates Artemis, which may facilitate end processing. Step 5. DNA-PK 
recruits LigaselV/XRCC4 complex. Step 6. DNA-PKcs phosphorylates XRCC4 and 
stimulates end joining mediated by LigaseIV/XRCC4 complex. Step 7. Autophosphorylation 
of DNA-PKcs remodels protein complex at DNA ends, facilitating DNA end joining (Block 
et al, 2004). 
Some eukaryotes such as Drosophila melanogaster, Arabidopsis thaliana and S. cerevisiae, 
do not have direct homologues of DNA-PKcs (Downs and Jackson, 2004). Also, Ku80 in 
these eukaryotes does not have the extreme C-terminal motif that recruits DNA-PKcs (Cell 
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and Jackson, 1999; West et al, 2002). Since end-bridging is a crucial step in NHEJ, what 
factor bridges broken DNA ends in these eukaryotes? A biochemical study by Chen et al 
(2001) revealed that the Rad5 0/Mre 11 complex serves as the end-bridging factor in S. 
cerevisiae. Their AFM assay showed that the Rad50/Mre 11 /Xrs2 complex can bridge the 
ends of DNA molecules. Hdfl/Hdf2 (Ku70/Ku80 homologues) can also align DNA ends but 
at a much lower frequency compared with the Rad50/Mre 11/Xrs2 complex. Their DNA end 
joining assay indicated that the Rad50/Mrell/Xrs2 complex is required by DNA end joining 
catalyzed by Dnl4/Lifl (Ligase IV/XRCC4 homologue), and Hdfl/Hdf2 further stimulates 
DNA end joining under physiological ionic conditions. Furthermore, failure of human DNA 
Ligase FV/XRCC4 and Ku70/Ku80 to replace Dnl4/lifl and Hdfl/Hdf2 respectively in these 
assays suggests the species-specific functional interactions among NHEJ core proteins. The 
authors further proposed a model: Hdfl/Hdf2 binds to DNA ends first. This binding 
facilitates the end bridging by Rad50/Mre 11 complex. Dnl4/Lifl is then recruited to the 
repair complex for end joining. This model is consistent with a genetic study (Boulton and 
Jackson, 1998) which indicate that both hdfl and rad50/mrell/xrs2 mutants affected the 
efficiency of plasmid rejoining. Hdfl mutant also decreased the fidelity of end joining, but 
rad50/mrell/xrs2 mutants did not. However, the complex does not play a major role in NHEJ 
in S. pombe (Wilson et al, 1999; Manolis et al, 2001). In Arabidopsis, a rad50 mutant 
increased the frequency of HR with direct or inverted repeats flanking DSB, suggesting that 
the Rad50/Mre 11 complex might be involved in NHEJ in plants (Gherbi et al, 2001). 
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Competition between HR and NHEJ 
There are many factors affecting DSB repair pathway utilization. First, it is 
species-dependent. Bacteria and yeast mainly use HR, while NHEJ is the dominant pathway 
in higher eukaryotes such as mammals and plants. This may be because higher eukaryotes 
have a larger genome in which it is more difficult to find homologous sequences for repair 
templates. Also, higher eukaryotes have more repetitive sequences. Utilization of these 
sequences for HR could induce chromosomal translocation. To avoid this, higher eukaryotes 
somehow evolved a mechanism that favors NHEJ and/or suppresses HR. 
Second, DSB repair pathway utilization is cell cycle-dependent. In mammalian cells, the 
expression of the DNA-PK complex is approximately constant through the cell cycle, while 
the activity of the complex is regulated by post-translational phosphorylation with one peak 
of the activity found at G1/early S phase (Hendrickson, 1997; Lee et al, 1997). The 
mammalian Rad51 and Rad52 proteins are expressed as a function of the cell cycle with 
lowest levels in Go/Gi phase, higher levels in S and highest level in G2/M phase (Chen et al, 
1997). These findings suggest that mammalian NHEJ majorly occur during the G1/early S 
phase, while HR majorly occurs during the late S/G2 phase. However, HR and NHEJ can be 
coupled for the repair of DSBs in mammalian cells (Richardson and Jasin, 2000), indicating 
potential overlap of the two pathways. 
Third, repair pathway choice is influenced by the geometry of the DSB ends. There are 
two kinds of DSBs - one-ended DSB and two-ended DSB (Pierce et al, 2001). When Ku 
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binds to one-ended DSB such as sister chromatid exchange events and gene targeting events 
( Q shape), Ku may translocate inward, and thus will not prevent HR protein binding. When 
Ku binds to two-ended DSB such as gene conversion events, the binding of both ends could 
tether broken ends, preventing access by HR proteins. In accord with this, ku70 mutation in 
mammalian cells increased the frequency of repair via gene conversion, but not SCE and 
gene targeting ( Û shape) (Pierce et al, 2001). 
Fourth, the structure of DSB ends also affects the pathway choice. Although both Rad52 
and Ku bind to DNA ends, Ku prefers DNA with free ends while Rad52 prefers single 
stranded DNA (Ristic et al, 2003), indicating that they do not compete for binding to similar 
structures. However, genetic data indicate that defects of NHEJ proteins (Ku, DNA-PKcs and 
XRCC4) increased HR frequency (Allen et al, 2002; Delacôte et al, 2002; Pierce, et al, 2001). 
The underlying mechanism for this competition could be that NHEJ precedes HR 
(Frank-Vaillant et al, 2002; Saintigny et al, 2001). In budding yeast, DSB induced by HO 
endonuclease can be repaired by both NHEJ and HR. NHEJ requires intact cohesive ends, 
while HR needs 5' resection. The transient stability of DNA ends induces NHEJ, and DNA 
ends left unrepaired by NHEJ will be processed for HR (Frank-Vaillant et al, 2002). 
In contrast to yeast, higher eukaryotes can process DNA ends for both NHEJ and HR. In 
mammalian cells, DSBs induced by a DNA replication inhibitor were repaired by NHEJ at 
early time and by Rad51-dependent HR at later times; the delay of HR repair was reduced by 
the defects of NHEJ proteins (Saintigny et al, 2001). In human cells, both complementary 
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and non-complementary DNA ends can be repaired by NHEJ efficiently. The former are 
repaired at a much earlier time than the latter (Smith et al, 2001). 
AcZDs-induced DSBs and their repair 
The maize Ac/Ds transposable elements belong to the hAT transposon superfamily. Ac/Ds 
transposition follows a "cut-and paste" mechanism, leaving a DSB behind after its excision. 
The repair of Ac/Ds transposition-induced DSB is mainly by NHEJ, forming footprints with a 
few base pair deletion, inversion and insertion (Saedler and Nevers, 1985). Because Ac/Ds 
excision rarely causes deletions that extend beyond the target site duplications (Scott et al, 
1996), which is contrary to the expectations of error-prone NHEJ repair in plants (Gorbunova 
and Levy, 1999), we wonder if the mechanisms for repair of Ac/Ds-induced and enzymatic 
DSBs are different. The involvement of the NHEJ repair proteins in transposon-induced DSB 
repair has been reported for transposition of P element (Beall and Rio, 1996) and Sleeping 
Beauty element (Yant and Kay, 2003), and for V(D)J recombination (Rooney et al, 2002). 
The involvement of Ku and Mrell complex in Ac/Ds- induced DSB repair in yeast has been 
reported (Yu et al, 2004). However the exact roles of Ku and Mrell complex are not yet 
clear(Yu et al, 2004). Also, the mechanisms of /lc/D.s'-induced DSB repair might be different 
between yeast and plants. One goal of our project is to investigate the roles of Ku and Mrell 
in Ac/Ds-màxxcQà DSB repair in Arabidopsis. Because the basic mechanisms of NHEJ in 
Arabidopsis are unclear, another goal of our project is to study the roles of Ku and Mrell in 
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enzymatic DSB repair in Arabidopsis. This will help us better understand the mechanisms of 
Ac/Ds transposition-induced DSB repair. 
Some evidence indicates that DSB left behind after Ac/Ds excision can also be repaired via 
HR. For example, Ac transposition induced homologous recombination between flanking 
direct repeat sequences (Athma and Peterson, 1991; Xiao and Peterson, 2000); In addition, 
Ds element formation is due to abortive Ac-induced gap repair, through the 
synthesis-dependent strand annealing pathway (Rubin and Levy, 1997). These data indicate 
that Ac/Ds transposition-induced DSB can be repaired by NHEJ, SSA and SDSA (OSI), 
although at different frequency. It has also been reported that the frequency of vic/Ds-induced 
DSB repair by HR is much higher in somatic cells than in germinal cells (Xiao and Peterson, 
2000). The third goal of our project is to determine the reasons for this difference - whether 
the transposition frequency is different, or whether the repair pathway usage is different 
between somatic and germinal cell? 
Dissertation organization 
The thesis contains four chapters: general introduction (chapter 1), two research papers 
(chapter 2 and 3) and general conclusion (chapter 4). The general introduction provides 
background information about the mechanisms of homologous recombination and 
non-homologous end joining and the repair of transposon-induced DSB. In the first paper, a 
model for NHEJ in Arabidopsis was proposed and a model for the repair of transposon 
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Ac/Ds-induced DSB was also proposed to explain how host factors repair endonuclease- and 
transposon-induced DSB. The second paper compared Ds transposition-induced somatic and 
germinal transposition and recombination. Finally, the general conclusion chapter 
summarized the data and conclusions of the two papers. 
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Abstract 
The maize Ac/Ds transpo sable elements are members of the h AT transposon family. Ac/Ds 
transpose in diverse species and via a mechanism similar to that involved in V(D)J 
recombination. Here, we studied the repair of Ds transposition-induced hairpins by host 
factors in Arabidopsis. The results indicate that AtKu could position hairpin-opening to sites 
close to the hairpin apex. In the absence of AtMrell or AtKu70, repair junctions have a 
higher frequency of small deletions (3-10bp) and larger deletions (ll-50bp), respectively. 
Comparison of the repair of I-5ceI- and Da-induced DSB indicates that Ac transposase could 
influence Da-induced DSB repair. In addition, analysis of I-Scel-induced DSB repair 
indicates that both AtKu70 and AtMrell are critical for non-homologous end joining (NHEJ); 
AtKu70, but not AtMrell affects its fidelity. In these respects, NHEJ in Arabidopsis 
resembles that in S. cerevisiae. However, in Arabidopsis, the repair junctions are error-prone, 
and microhomology-mediated end joining is not affected by AtKu70. Hence, its junction 
patterns are similar to those in mammals. These results indicate the dynamics of DSB repair 
among different organisms. 
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Introduction 
DNA double strand breaks (DSBs) are major lesions which must be repaired to keep the 
genomic integrity of all organisms. There are two major repair pathways: homologous 
recombination (HR) and non-homologous end joining (NHEJ). HR requires a homologous 
template, and occurs via one of several mechanisms including gene conversion, 
synthesis-dependent strand annealing (SDSA), one-sided invasion (OSI), and single-strand 
annealing (SSA) (Pâques and Haber, 1999; Puchta, 1998; Puchta, 2005). In contrast, NHEJ 
rejoins broken DNA ends directly, without the involvement of a homologous template. The 
rejoined junctions could be precise or contain deletions and insertions (Boulton and Jackson, 
1998; Gorbunova and Levy, 1997; Guirouilh-Barbat et al, 2004). 
While yeast mainly uses HR to repair DSB, mammals and plants use predominantly NHEJ. 
One of the core proteins involved in NHEJ is the Ku70 and Ku80 heterodimer (Critchlow 
and Jackson, 1998). Conserved motifs of Ku protein sequence have been identified in all 
organisms tested, including mammals, yeast and Arabidopsis (Gell and Jackson, 1999; 
Tamura et al, 2002), indicating their functions are also conserved. Ku binds with high affinity 
(Blier et al, 1993; Falzon et al, 1993) to duplex DNA with blunt ends, 3' overhangs, 5' 
overhangs, or hairpin loops (Falzon et al, 1993; Mimori and Hardin, 1986). Once bound, Ku 
can translocate along the DNA (Paillard and Strauss, 1991). The ring structure of Ku 
accounts for its high-affinity binding to DNA and its capability of translocation along DNA 
(Walker et al, 2001). Genetic data indicate that binding of Ku at DSB could protect the 
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broken DNA ends from nucleolytic degradation in both yeast (Boulton and Jackson, 1998; 
Manolis et al, 2001) and mammals (Guirouilh-Barbat et al, 2004). 
Another critical factor for DSB repair is the highly conserved Rad50/Mrell complex 
(D'Amours and Jackson, 2002). It possesses ssDNA endonuclease, 3' to 5' dsDNA 
exonuclease and hairpin opening activities (D'Amours and Jackson, 2002; Hopfner et al, 
2001), and can also bridge DNA ends in close proximity (Chen et al, 2001; De Jager et al, 
2001). The complex is required for both HR and NHEJ (Haber, 1998) in a species -specific 
manner. For example, the complex is required for both NHEJ (Boulton and Jackson, 1998) 
and HR (Bressan et al, 1999) in S. cerevisiae. However, it is required for HR but not for 
NHEJ in vertebrates (Tauchi et al, 2002; Yamaguchi-Iwai et al, 1999). 
One crucial step in NHEJ is end bridging. Although Ku could bridge DNA ends (Cary et al, 
1997), DNA-PKcs serves as the end bridging factor in mammals (DeFazio et al, 2002; 
Hefferin and Tomkinson, 2005). DNA-PKcs is recruited to the DNA termini (Yoo and Dynan, 
1999) through interaction with the extreme C-terminus of Ku80 (Gell and Jackson, 1999). Ku 
enhances the end-bridging activity of DNA-PKcs by recruiting DNA-PKcs to DNA termini 
(DeFazio et al, 2002). Some eukaryotes such as Arabidopsis and S. cerevisiae do not have 
direct homologues of DNA-PKcs (Downs and Jackson, 2004), and Ku80 in these eukaryotes 
does not have the extreme C-terminal motif (Gell and Jackson, 1999; West et al, 2002). A 
biochemical study by Chen et al (2001) revealed that the Rad50/Mrell complex could serve 
as an end-bridging factor in S. cerevisiae, and DNA end joining is mediated by the functional 
32 
interaction among the Rad50/Mrell complex, Dnl4/Lifl and the Ku heterodimer Hdfl/Hdf2. 
In mammals, Ku translocates inward after recruiting DNA-PKcs to DNA termini (Yoo and 
Dynan, 1999). However, the relative position of Ku and the Rad50/Mrell complex on DNA 
is not yet clear in S. cerevisiae (Daley et al, 2005). 
Much less is known about NHEJ in Arabidopsis. It has been reported that an AtkuSO 
mutant decreased the efficiency of linear plasmid rejoining (Gallego et al, 2003) and an 
AtradSO mutant increased the frequency of spontaneous gene conversion (Gherbi et al, 2001). 
The mechanisms of NHEJ in Arabidopsis remain to be elucidated. 
The maize Ac/Ds transposons belong to the hAT superfamily, and transpose via a 
mechanism similar to that of V(D)J recombination (Zhou et al, 2004). For example, both 
form hairpins at the flanking DNA sequences. Repair of the opened hairpins in V(D)J 
recombination occurs via NHEJ, and the host factors involved in NHEJ are also required for 
coding joint formation (Bassing et al, 2002). In addition, the RAG proteins in the 
postcleavage complex protect broken ends from degradation and facilitate efficient end 
joining (Lee et al, 2004; Tsai et al, 2002). Similarly, repair of the opened hairpins in Ac/Ds 
transposition occurs mainly via NHEJ (Dooner and Martinez-Ferez, 1997; Yan et al, 1999), 
although HR can also occur (Athma and Peterson, 1991; Rubin and Levy, 1997; Xiao and 
Peterson, 2000). Furthermore, repair of Ac/Ds transposition-induced DSBs by NHEJ in plant 
cells usually involves small deletions, inversions and insertions (Saedler and Nevers, 1985; 
Rinehart et al, 1997), which is contrary to the expectations of the error-prone NHEJ pathway 
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in plants (Gorbunova and Levy, 1999). The roles of host factors and Ac transposase in Ac/Ds 
transposition-induced DSB repair in plants are unknown. In yeast, Ku and Mrell are 
involved in Ac/Ds transposition-induced DSB repair (Yu et al, 2004), although their exact 
roles are not yet clear. 
In this study, we addressed the following questions: (1) Is Ac transposase involved in DSB 
repair? (2) How are the hairpins resulting from Ac/Ds excision opened? (3) Why is 
Ac/Ds-induced DSB repair relatively precise, while NHEJ is error-prone in plants? 
Results 
Both AtKu70 and AtMrell are critical for NHEJ in I-Scel-induced DSB repair, but only 
AtKu70 affects the fidelity 
To determine the mechanisms of transposon-induced DSB repair in plants, it is first 
necessary to understand the basic mechanisms of DSB repair in plants. The rare cutting 
restriction endonuclease l-Scel (Intron-encoded endonuclease I from S. cerevisiae) has been 
successfully used to study DSB repair in higher eukaryotes (Jasin, 1996; Puchta, 2005). 
Comparison of I-5ceI- and Da-induced DSB repair in Arabidopsis could provide information 
not only on the basic DSB repair mechanisms but also on the involvement of Ac transposase 
in DSB repair. Therefore, we constructed a recombination vector pGUIDsIUS (Figure 1) in 
which Ds is flanked on both sides by \-SceI restriction sites, and the I-S'cel sites are flanked 
by two partially-overlapping segments of the ^-glucuronidase gene (GU and US). A DSB can 
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be generated by either I-Scel endonuclease or Ds excision induced by Ac transposase, and 
repaired by NHEJ, or HR pathway such as SSA or OSI. DSB repair by SSA pathway will 
restore GUS activity (Figure 1), which can serve as an indicator for the efficiency of DSB 
formation in our experimental system. 
First, we studied how host factors AtKu70 and AtMrell affect I-Scel-induced DSB repair. 
We co-bombarded pGUIDsIUS with l-Scel endonuclease-expressing vector pl-Scel into 
leaves of wild type, Atku70 mutant and Atmrell mutant plants. DNA was extracted from 
those bombarded-leaves and subjected to PGR using primers flanking Ds (Figure 1). 
Sequences of the PCR-amplified repair junctions were determined and are presented in 
Figure 2. The results indicate that besides precise religation of cohesive ends, there are also 
different sizes of deletion, filler DNA insertion, and putative microhomology usage for end 
joining in both wild type and mutant cells (Figure 2B-D). For this and subsequent 
experiments, the data were analyzed by Fisher's exact statistical test. The results indicate that 
there is no significant difference between the wild type and two mutants in the frequency of 
microhomology usage (Figure 2F), indicating that either AtKu or AtMrell affects 
microhomology-mediated end joining. 
Figure 2F shows that the frequency of insertion in Atku70 mutant cells (65%, 11/17 clones) 
is significantly higher than that in wild type cells (29%, 8/28 clones); there is no significant 
difference in insertion frequency between wild type and Atmrell mutant cells. There are 
three types of filler DNA insertion-sequences from plasmid or genomic DNA and sequences 
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from the 3' overhangs at the DSB. Only the former accounts for the significant difference. 
This suggests that AtKu may associate with broken DNA ends and prevent the access of 
other templates, thereby facilitating efficient NHEJ. However, AtMrell does not affect the 
frequency of filler DNA insertion. 
Figure 2E shows the distribution of deletion sizes. Statistical analysis indicates that the 
frequency of deletion from 0 to 30bp in wild type cells (88%, 22/25 clones) is significantly 
higher than that in Atku70 mutant cells (44%, 7/16 clones), while the frequency of deletion 
from 31 to lOObp in Atku70 mutant cells (44%, 7/16 clones) is significantly higher than that 
in wild type cells (8%, 2/25 clones) (Figure 2F). This suggests that AtKu could protect 
broken DNA ends from degradation. There is no significant difference of deletion sizes 
between wild type and Atmrell mutant cells (Figure 2F), indicating that Mrell is not 
essential for the protection of broken DNA ends generated by 1-Scel endonuclease. 
We also observed evidence for the HR pathway termed OSI, which was detected in 3 
independent events in both Atku70 and Atmrel 1 mutants (Figure 2C, 2D and 2F), but not in 
wild type (Figure 2B and 2F). This difference is statistically significant. Possibly, both AtKu 
and AtMrel 1 could bridge broken DNA ends, facilitating NHEJ and preventing HR such as 
OSI. 
The repair of Ds transposition-induced DSB is different from that of I-Scel-induced 
DSB 
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We also co-bombarded pGUIDsIUS with Ac transposase-expressing vector pAc into wild 
type, Atku70 and Atmrel 1 mutant leaves. In the same way described above, we sequenced 
the PCR-amplified junctions. Sequencing results (Figure 3) indicate that the junction patterns 
fall into five classes for both wild type and mutant cells. The first class exhibits an 18bp 
microhomology-mediated repair junction; the 18bp microhomology is the l-Scel restriction 
site flanking Ds. It has been reported that microhomology-mediated end joining involves 
l-5bp homologies at the repair junction (Kramer et al, 1994). Therefore, the 18bp 
microhomology-mediated repair junction might be formed by SSA pathway. Any other 
junction with smaller deletion in I-Scel-induced DSB repair was not observed here. 
The second class contains the OSI-type of HR. In wild type cells, 6 out of 22 clones from 
Ds transposition-induced DSB were repaired by OSI, while zero of 28 clones from 
I-Scel-induced DSB were repaired by OSI (Figure 2B and 3C); this difference is statistically 
significant, indicating Ds transposition-induced DSB significantly increased HR frequency at 
the extrachromosomal level. 
The third class contains small deletions at both sides, with a filler DNA sequence of 
GGTAATCTGGG. Because the same filler DNA sequence was recovered in both wild type 
and two mutant cell types at high frequency, it is unlikely to be randomly copied. Most likely, 
this filler DNA sequence was copied from sequences flanking the other side of Ds, on the 
opposite DNA strand. A similar origin of filler DNA was reported by Rinehart et al (1997). 
This copying mechanism could be explained by binding of Ac transposase to the Ds ends to 
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induce a Ds loop, bringing the Ds flanking regions into close proximity for copying into the 
DSB repair junction. 
The fourth class exhibits large deletions at both sides, and the fifth class contains 
fragmentary Ds sequences, probably due to one-sided cleavage. These last two classes are 
also observed in I-Scel-induced DSB repair. Any difference for all the five classes between 
wild type and the two mutant cells is not significant. All taken together, our data indicate that 
the junction patterns and the pathway usage between Ds transposition- and I-Scel-induced 
DSB repair are significantly different. 
AtKu positions the opening of Ds transposition-induced hairpins and protects the 
broken DNA ends after hairpin-opening 
The repair junctions resulting from Ds excision from extrachromosomal molecules detected 
in our study are somewhat different from those reported for Ds excision from a chromosomal 
locus (Rinehart et al, 1997). Therefore, we investigated the roles of host factors in repair of 
DSB induced by Ds excision from chromosomally-integrated substrates. We crossed an 
Arabidopsis line containing a T-DNA insertion in the AtKU70 gene (Salk 123114) with a 
transgenic line containing a recombination reporter construct GUDsUS (Xiao and Peterson, 
2000), and a second transgene locus expressing Ac transposase driven by the constitutive 
CaMV 35S promoter (Smith et al, 1996). We then identified progeny plants of genotype 
GUDsUS/Ac/Ku70-/- and GUDsUS/Ac/Ku70+/+ by PGR and Southern hybridization 
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(Materials and Methods). In these plants, the Ac transposase can mobilize the Ds element in 
the GUDsUS recombination substrate and induce DSB. 
We performed PGR using primers H1/H2 (Xiao and Peterson, 2000) flanking Ds to 
amplify junctions (footprints) produced by NHEJ in wild type and AtkuVO mutant cells. 
Figure 4 shows the sequences determined for the PCR-amplified repair junctions. There is a 
predominant footprint detected in wild type cells (29%, 8/28 clones) (Figure 4C), but in 
Atku70 mutant cells there is no predominant footprint (Figure 4D). The existence of a 
predominant footprint in Ac/Ds-induced DSB repair has been reported in wild type maize, 
Arabidopsis and yeast (Rinehart et al, 1997; Yu et al, 2004). Our results showing the lack of a 
predominant footprint in Atku70 mutant cells indicate a role for AtKu70 in junction 
formation in Ds-induced chromosomal DSB repair. This conclusion is further supported by 
the palindromic sequence patterns in the junctions. Palindromic sequences are formed by the 
opening of the hairpins at a position offset from the hairpin apex. In wild type cells (Figure 
4C and 4F), 57% (16/28 clones) of the junctions have small palindromic sequences (^2 bp), 
and 11% (3/28 clones) have larger palindromic sequences (4bp, 9bp, lObp). Whereas, in 
Atku70 mutant cells (Figure 4D and 4F), 8% (2/25 clones) of the junctions have small 
palindromic sequences (^2bp), and 64% (16/25 clones) have larger palindromic sequences 
(4, 5, 6, 8, 9,10, 11, 13bp). Statistical analysis indicates that the proportion of clones having 
larger palindromic sequences in Atku70 mutant cells is significantly higher than that in wild 
type cells, and the proportion of clones having small palindromic sequences in wild type cells 
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is significantly higher than that in Atku70 mutant cells. These results suggest that AtKu 
restricts hairpin opening to sites near the hairpin apex. In the absence of AtKu70, hairpin 
nicking could occur at various sites internal to the hairpin apex, resulting in palindromic 
repair junctions of various lengths. 
It has been reported that microhomology-mediated end joining is involved in Ac/Ds 
-induced DSB repair in yeast (Yu et al, 2004). Here we report that microhomology -mediated 
end joining is also involved in Da-induced DSB repair in plants (Figure 4C and 4D). In 
addition, the frequency of microhomology-mediated end joining in AtkuVO mutant cells (60%, 
15/25 clones) is not significantly different from that in wild type cells (71%, 20/28 clones) 
(Figure 4F), indicating that AtKu does not affect microhomology -mediated end joining in 
Da-induced chromosomal DSB repair. 
The junctions of repaired chromosomal DSB also involve deletions and/or insertions. 
Figure 4E shows the distribution of deletion sizes. Statistical analysis indicates that the 
frequency (75%, 21/28 clones) of small deletions (l-10bp) in wild type cells is significantly 
higher than that (44%, 11/25 clones) in mutant cells, and the frequency (48%, 12/25 clones) 
of larger deletions (ll-50bp) in mutant cells is significantly higher than that (18%, 5/28 
clones) in wild type cells (Figure 4F). We conclude that AtKu can protect Ds-induced broken 
DNA ends from degradation. In addition, the frequency of insertion in ku70 mutant cells 
(36%, 9/25 clones) is significantly higher than that of wild type cells (11%, 3/28 clones) 
(Figure 4F), indicating that AtKu may prevent the access of other DNA templates and 
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thereby facilitate efficient NHEJ for Ds-induced chromosomal DSB repair. 
AtMrell is not involved in hairpin-opening but inhibits smaller deletions after 
hairpin-opening 
To test if AtMrell is involved in Ds transposition-induced DSB repair, we used AtMrell 
EMS point mutation line CS90287 and generated GUDsUS/Ac/Mre 11-/- and 
GUDsUS/Ac/Mre 11+/+ plants as described above. NHEJ junctions were PCR-amplified and 
sequenced (Figure 5). The results (Figure 5C and 5D) indicate that repair junctions in both 
wild type and mutant cells involve deletions, insertions, microhomology usage and 
palindrome formation. Statistical analysis indicated no significant difference in the frequency 
of palindrome formation between wild type and mutant cells (Figure 5F), and their 
palindrome patterns are nearly the same (Figure 5C and 5D). These results suggest that 
AtMrell is not involved in the opening of Ds transposition-induced hairpins. 
There is also no significant difference between wild type and mutant cells in the frequency 
of microhomology usage and filler DNA insertion. Comparison of the distribution of deletion 
sizes (Figure 5E and 5F) demonstrates that there is no statistically significant difference 
between wild type and mutant cells for both small deletions (l-10bp) and larger deletions 
(ll-50bp). The small deletions include two classes: 2bp deletion and 3-10bp deletions. The 
2bp deletion is generated by Ac transposase-induced cleavage of Ds, not by the degradation 
of the broken DNA ends after hairpin-opening (Coen et al, 1986; Rinehart et al, 1997). 
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Statistical analysis indicates that the frequency of 2bp deletion in wild type cells (52%, 17/33 
clones) is significantly higher than that in mutant cells (24%, 7/29 clones) and the frequency 
of 3-10bp deletions in mutant cells (66%, 19/29 clones) is significantly higher than that in 
wild type cells (30%, 10/33) (Figure 5F). Therefore, the lack of AtMrell resulted in 
decreased frequency of 2bp deletion due to Ds excision, an increase in the frequency of 
smaller deletion, but no change in the frequency of larger deletion. 
Discussion 
The roles of Ku and Mrell in NHEJ in Arabidopsis resemble those in S. cerevisiae 
One of the core proteins essential for NHEJ is Ku. Without Ku, large deletions are formed at 
the DSB flanking sequences in different organisms studied including mammals 
(Guirouilh-Barbat et al, 2004), yeast (Boulton and Jackson, 1996; Manolis et al, 2001), and 
Arabidopsis (this study). These studies together demonstrate that the function of Ku in 
protecting broken DNA ends is conserved from lower to higher eukaryotes. In contrast, the 
role of the Rad50/Mrell complex in NHEJ is species-specific. It has been reported that the 
Rad50/Mrell complex is not required for NHEJ in higher vertebrates (Tauchi et al, 2002; 
Yamaguchi-Iwai et al, 1999). However, both biochemical and genetic data indicate that the 
Rad50/Mrell complex is essential for NHEJ in S. cerevisiae. Biochemical studies (Chen et al, 
2001) indicate that the S. cerevisiae Rad50/Mrell complex can bridge DNA ends, interact 
with Dnl4/Lifl, and promote DNA end ligation by Dnl4/Lifl. Genetic studies (Boulton and 
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Jackson, 1998) indicate that both ku and radSO/mrell mutants decreased the efficiency of the 
in vivo rejoining of linear plasmid DNA with cohesive ends, and increased the frequency of 
the gap repair pathway; a ku mutant also decreased the fidelity of plasmid rejoining, while 
radSO/mrell mutants did not affect the fidelity. Our studies in I-Scel-induced DSB repair 
indicate that AtkuVO mutant significantly increased the proportion of larger deletions at the 
NHEJ junctions, while Atmrell mutant and wild type cells have no significant difference in 
the distribution of deletion sizes at the junctions (Figure 2). Furthermore, both Atku and 
Atmrell mutants significantly increased the frequency of repair by OSI, with 18% in either 
mutant and 0% in wild type cells (Figures 2). These data indicate that both Ku and Mrel 1 are 
involved in NHEJ in both S. cerevisiae and Arabidopsis. The RadSO/Mrell complex serves 
as an end-bridging factor for NHEJ in S. cerevisiae (Chen et al, 2001), and may play a 
similar role in Arabidopsis. In contrast, it has been reported that DNA-PKcs serves as the 
end-bridging factor for NHEJ in mammals (DeFazio et al, 2002). This may explain why the 
RadSO/Mrell complex is not required for NHEJ in vertebrates (Tauchi et al, 2002; 
Yamaguchi-Iwai et al, 1999). 
The repair junctions in Arabidopsis resemble those in mammals 
The repair junctions for enzymatic DSB with cohesive ends in S. cerevisiae are almost 
exclusively precise (Boulton and Jackson, 1996; 1998). In contrast, precise religation, 
deletions, insertions and microhomology usage are all involved in the repair of 
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I-Scel-induced DSB with cohesive ends at the chromosomal level in mammals 
(Guirouilh-Barbat et al, 2004) and at the extrachromosomal level in Arabidopsis (this study). 
In addition, Ku does not affect microhomology-mediated end joining in mammals 
(Guirouilh-Barbat et al, 2004) and Arabidopsis (this study). However, mutation of Ku 
increases the frequency of microhomology-mediated end joining in S. cerevisiae (Boulton 
and Jackson, 1996; Ma et al, 2003). These data indicate that the repair junctions in 
Arabidopsis are more similar to those in mammals. 
Ac transposase is involved in Ds transposition-induced DSB repair 
Comparison of the junction sequences indicates that the DSB induced by \-Sce\ endonuclease 
and Ac transposase may be repaired by different mechanisms (Figures 2 and 3). There are 
two major possible reasons for these differences. First, their DSB configurations are different: 
\-Scel endonuclease induces DSB with cohesive ends, while Ds transposition induces two 
hairpins at Ds flanking sequences, and the opening of the hairpins results in DSB with 
noncohesive ends. Repair of DSB with cohesive ends and noncohesive ends is different in 
that the former involves precise relegation while the latter involves mismatches 
(Guirouilh-Barbat et al, 2004). However, both repairs also involve deletions, insertions, and 
microhomologies (Gorbunova and Levy, 1997; Guirouilh -Barbat et al, 2004). In our study, 
microhomology-mediated junctions with smaller deletions are different between Ac 
transposase- and l-Scel endonuclease-induced DSB repairs. In Ac transposase-induced DSB 
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repair, just an 18bp microhomology -mediated repair junction was recovered (Figure 3). This 
18bp microhomology-mediated repair junction is likely formed by SSA pathway. In 1-Scel 
endonuclease-induced DSB repair, different sizes of small microhomolgy and small deletion 
were involved (Figure 2). These data indicate that the differences between 1-Scel 
endonuclease- and Ac transposase -induced DSB repair may not be due to their different DSB 
configurations. It is possible that the differences are because of the involvement of Ac 
transposase in Da transposition-induced DSB repair. In addition, a novel type of junction 
observed in Ds transposition-induced DSB repair involves the copying of the distal DNA 
sequences flanking Ds (Figure 3). This could be explained by a model in which looping of 
Ds by Ac transposase brings the two flanking regions into proximity, where the distal 
flanking sequence is used as a template in repair synthesis. Furthermore, in wild type cells, 6 
out of 22 clones used OSI to repair Ds transposition-induced DSB, while zero of 28 clones 
used OSI to repair I-Scel-induced DSB (Figures 2B and 3C). This suggests that Ac 
transposase influences OSI usage, at least in extrachromosomal events. In V(D)J 
recombination, unstable postcleavage complex induced by Rag mutant stimulates 
homologous recombination (Lee et al, 2004). It is possible that Ac/Ds transposition also 
could form a postcleavage complex which may be unstable at extrachromo somal level at 
least in Arabidopsis cells, therefore increasing OSI frequency. 
A model for repair of DSBs induced by Ac/Ds transposition in Arabidopsis 
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It has been reported that NHEJ in plants is error-prone (Gorbunova and Levy, 1999). 
However, our study and others (Saedler and Nevers, 1985; Rinehart et al, 1997) indicate that 
the repair junctions for Ac/Ds transposition-induced DSBs in plant cells usually involve small 
deletions, inversions and insertions. These data suggest that plants may employ mechanism(s) 
that minimize the deletion size for /le/Ds-induced chromosomal DSB repair. Our study 
suggests that the AtMrell complex may play an important role in this regard. For example, 
Figure 5 shows that Atmrell mutant cells exhibit a significant decrease in the frequency of 
footprints with 2bp deletion due to Ds excision induced by Ac transposase cleavage, from 
52% (17/33 clones) in wild type to 24% (7/29 clones) in mutant. In addition, the Atmrell 
mutant has a significant increase in the frequency of footprints with 3-10bp deletions, from 
30% (10/33 clones) in wild type to 66% (19/29 clones) in mutant. These data indicate that 
AtMrell complex could prevent smaller deletion, probably by bridging broken DNA ends 
and promoting end joining (Chen et al, 2001). However, the frequency and the pattern of 
palindromic repair junctions are not significantly different between wild type and mutant 
cells, indicating that AtMrell is not involved in hairpin-opening. 
The precise role of Ku in Ds transposition-induced DSB repair in yeast is not fully 
understood (Yu et al, 2004). Our studies suggest that AtKu could position the opening of the 
hairpins induced by Ds transposition to sites close to the hairpin apex. It has been known that 
Ku can bind hairpin loops (Falzon et al, 1993; Paillard et al, 1991) and trans -locate inward 
after recruiting other factors such as DNA-PKcs (Yoo and Dynan, 1999). Similarly, we 
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propose that AtKu can bind Ds excision-induced hairpins and translocate inward, leaving 
space for other factors such as those for hairpin opening and also protecting inward flanking 
regions from enzymatic attack by hairpin opening factor. The mutation of AtKu resulted in 
palindromic repair junctions of various lengths (Figure 4). 
Although both AtKu and AtMrell complex could protect Ds flanking sequences from 
degradation, there are differences in their respective effects. Specifically, mutation of 
AtMrell significantly decreased the frequency of footprints with 2bp deletion due to Ds 
excision (Figure 5E and 5F), while mutation of AtKu70 did not significantly affect formation 
of footprints with the 2bp deletion (Figure 4E). Mutation of AtMrell significantly increased 
the frequency of footprints with smaller deletion (3 -lObp), but did not significantly affect the 
frequency of larger deletion (ll-50bp) (Figure 5E and 5F). In contrast, the AtkuVO mutant 
exhibited a significant decrease in the frequency of deletions from 1 to lObp, and a 
significant increase in the frequency of larger deletions (1 l-50bp) (Figure 4E and 4F). We 
propose that AtMrell complex and AtKu bind at different locations at the Ds flanking 
sequences, with AtMrell complex binding directly to the broken DNA termini and AtKu 
binding further inward. Binding of AtKu and AtMrell complex at both sides of Da-induced 
DSB could bridge broken DNA ends and facilitate end joining. In the absence of AtMrel 1, 
the frequency of smaller deletions is increased. The association of AtKu at sites internal to 
the DSB may inhibit the generation of larger deletions. Without AtKu70, the frequency of 
footprints with 2bp deletion due to Ds excision is not significantly decreased because the 
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AtMrell complex could protect the broken DNA ends and stimulate ligation. 
In addition, the role of AtMrell complex in the repair of l-Sceï- and Ds transposition 
-induced DSB is somewhat different. Atmrell mutant did not affect the fidelity ofNHEJ for 
I-Scel-induced DSB repair, but increased the frequency of smaller deletions in Ds 
transposition-induced DSB repair. It is possible that the relative position of AtKu and 
AtMrell complex on flanking sequences of DSB induced by I-Scel-digestion and 
Ds-excision might be different, with AtMrell complex bound inward ( Daley et al, 2005) in 
I-Scel-induced DSB repair and AtKu bound inward in Ds transposition-induced DSB repair. 
In I-Scel-induced DSB repair, just AtKu protects broken DNA ends from degradation, while 
in Ds transposition-induced DSB repair, both AtKu and AtMrell complex protect broken 
DNA ends from degradation. This might further explain why Ac/Ds induced DSB repair is 
relatively precise, while NHEJ is error-prone in plants. 
We propose a model for Ds transposition-induced chromosomal DSB repair in plants 
(Figure 6): Ac transposase binds Ds, which could loop Ds and bring Ds flanking regions into 
proximity. Ac transposase then cuts Ds at both sides, and hairpins are formed at Ds flanking 
sequences. The remodeling of the postcleavage complex could allow Ku protein to bind 
hairpins. Ku then translocates inward, directly or indirectly recruiting the Rad50/Mrell 
complex and/or hairpin-opening factor to the DNA ends. Hairpins could be opened by host 
factor or Ac transposase before or immediately following Rad50/Mrell complex binding. 
Finally, binding of Ku and Rad50/Mrell complex could bridge and protect Ds flanking 
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sequences and facilitate DNA ligase IV-catalyzed DNA end joining. 
Materials and Methods 
Vector construction 
Vector pDW960 provided by Dr. David Wright was used to amplify "GU" and 
"US"fragments of GUS gene by PCR. "GU" fragment is flanked by BamHl and Pstl 
sites; "US" fragment is flanked by Pstl and Sacl sites. Vector pDW960 was digested at the 
unique BamHl and Sacl sites and the GUS gene was removed. The remaining backbone was 
ligated with "GU" and "US" fragments, generating a vector p35SGUUS with a Pstl site 
between the two "U" sequence repeats of 928bp. Vector pDs provided by Dr. Reinhard 
Kunze was used to PCR-amplify a 638bp Ds fragment flanked on both sides by Pstl and 
l-Scel restriction sites. The Ds fragment was then inserted into the Pstl site in p35SGUUS, 
generating vector pGUIDsIUS (see Figurel). 
Binary vector pCIScel provided by Dr. Holger Puchta was used to amplify the l-Scel gene 
by PCR. The PCR fragment with flanking BamHl and Sacl restriction sites was ligated to the 
backbone of pDW960 digested with BamHl and Sacl to generate pl-Scel. Plasmid pAc 
generated by Dr. Yongli Xiao contains a modified Ac transposase gene driven by the CaMV 
35S promoter; the Ac sequence is not capable of self-transposition. 
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Arabidopsis stocks 
Arabidopsis lines containing T-DNA insertions into the KU70 and MRE11 genes 
(SALK_123114 and SALK 054418, respectively) were obtained from the SIGnAL 
collection of Arabidopsis T-DNA insertion lines. The T-DNA is inserted into the 8 th exon of 
the KU70 gene which has 18 exons in total. Plants homozygous for the T-DNA insertion in 
the KU70 gene have normal phenotype, but seedlings are sensitive to MMS treatment 
(Bundock et al, 2002; data not shown). Plants homozygous for the T-DNA insertion in 
MRE11 gene are smaller than wild type sibs. It was reported that the function of Mrell 
protein is severely compromised by this T-DNA insertion (Puizina et al, 2004). Homozygous 
ku70 and mrel 1 mutant plants were used for transient assay. 
Arabidopsis line CS90287 containing an EMS-induced mutation in MRE11 was provided 
by Dr. Cliff Weil. The mutation is at the splice junction of the third intron, and no functional 
Mrell protein is produced (Cliff Weil, personal communication). 
Recombination reporter transgenic line GUDsUS/Ac (Xiao and Peterson, 2000) was crossed 
with SALK_123114 and CS90287 to generate transgenic mutant lines. 
Microprojectile bombardment and transient assay 
Leaves used for bombardment were from ca. 4 week old plants. All plants used were grown 
in the same growth chamber, at 20°C with 16 h light. Due to the high inherent variability in 
microprojectile bombardment, experiments were repeated multiple times in order to establish 
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results. For co-bombardment of wild type Columbia, ku70 and mrell mutant leaves with 
plasmid DNA pGUIDsIUS/pI-Scel or pAc, 10 repeats were performed. For each repeat, 4jag 
DNA of each plasmid were mixed with 450jag gold particle (1.0 um, Bio-Rad) and 
precipitated as described previously (Sidorenko et al, 1999). Bombardments were performed 
with Biolistic particle gun (DuPont). For each repeat, three shots were performed. For each 
shot, 5 leaves were used. The leaves were kept on wet paper in a petri dish during and after 
bombardment. Following bombardment, leaves were kept in darkness at 28°C for 48h before 
collection and analysis. For each repeat, samples of wild type and the two mutants were 
performed together for every step. Conditions were kept as uniform as possible so as to 
minimize the variation between experiments. 
Two days after bombardment, one petri dish of leaves was randomly chosen from each 
repeat, and all 5 leaves were divided into two halves. Half of them were stored at -80 °C for 
DNA extraction. The remaining leaf halves, together with the other two petri dishes of leaves, 
were used for histochemical staining. Leaves were stained in 2mM X-Gluc (Rose Scientific 
LtD. Canada), 0.1M phosphate buffer, lOmM Na^EDTA (pH8.0), 2mM potassium 
ferrocyanide, 2mM potassuim ferricyanide and 0.1% Triton X-100. 
PCR and sequencing of DSB repair junctions 
In transient assay for co-bombardment with pGUIDsIUS/pI-Scel or pAc, GUS-stained 
half-leaves were examined and the bombarded half-leaves from three shots showing highest 
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numbers of blue spots were selected for DNA extractions. DNA was isolated by CTAB 
method (Saghai-Maroof et al, 1984) with modified extraction buffer (lOOmM Tris, 
pH7.5/0.7M NaCl/lOmM EDTA, pH8.0/l% hexadecyltrimethylammonium bromide/1% 
b-mercaptoethanol). Equal amounts of DNA from the three repeats were mixed and subject to 
PCR using Ds-flanking primer pair pIDI5/pIDI6. For each co-bombardment with 
pGUIDsIUS/pAc or pGUIDsIUS/pI-Scel, DNA from different treatments-wild type and two 
mutants-were subject to PCR at the same time and three PCRs were performed for every 
treatment. PCR reaction was performed using Eppendorf hot start Taq DNA polymerase in 
the following conditions: 94°C for 2 minutes; then cycled 35 times at 94°C for 20 secconds, 
52°C for 10 seconds, 65°C for 30 seconds; and finally extended at 65°C for 10 minutes. 
Results were analyzed by agarose gel electrophoresis. PCR product resulting from Ds 
excision without deletion or insertion is 440bp. PCR products from approximately 380bp to 
500bp from three PCR reactions were excised from the gel, mixed and purified using 
Qiaquick gel extraction kit. The purified PCR products were ligated to Promega T-easy 
vector and sequenced at the ISU DNA Sequencing and Synthesis Facility. 
For analysis of junctions produced from chromosomal loci, genomic DNA from leaves of 
three 4-week-old plants of either GUDsUS/Ac/Mre 11+/+ or GUDsUS/Ac/Mrel 1-/- were 
mixed and subject to PCR for three times using Ds-flanking primer pair H4/H5. PCR 
reaction was performed using Eppendorf hot start Taq DNA polymerase in the following 
conditions: 94°C for 2 minutes; then cycled 35 times at 94°C for 20 seconds, 53°C for 10 
52 
seconds, 65°C for 50 seconds; and finally extended at 65°C for 5 minutes. Results were 
analyzed by agarose gel electrophoresis. PCR products from three tubes were excised from 
the gel, mixed, purified, and ligated to Promega T-easy vector for sequencing. Similar 
methods were used for GUDsUS/Ac/Ku70+/+ and GUDsUS/Ac/Ku70-/-, except that DNA 
from one plant each of wild type and ku70 mutant were used in PCR using primers H1/H2 
(Xiao and Peterson, 2000). 
Primer sequences: 
pIDI5 : GTTTCGAAGCGGGCAACAAG; pIDI6: TGGTTACAGTCTTGCGCGAC 
HI: GATGTAGGAGGGCGTGG; H2: TTCGGGGCAGTCCTCGG 
H4: GAACATCGCCTCGCTCCAGTC; H5: AGCGTCTCCGACCTGATGC 
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Figure Legends 
Figure 1 Schematic representation of pGUIDsIUS 
pGUIDsIUS contains a 638bp miniDs (provided by Dr. Reinhard Kunze) flanked by two 
partially-overlapping fragments of the ^-glucuronidase gene indicated by boxes marked G, U, 
U, S. Restriction sites for I-Scel and Pstl are indicated. A DSB induced by either Ac 
transposase or l-Scel endonuclease could be repaired by NHEJ, SSA or OSI. The re-ligation 
of broken DNA ends by NHEJ could be precise or involve deletions and insertions. Repair by 
SSA anneals the two overlapping sequences and restores GUS function. OSI could anneal the 
degradation-exposed "U" at the left side of Ds with the "U" at the right side of Ds in another 
DNA molecule, and prime DNA synthesis using "S" as template. After DNA synthesis this 
end then could be re-joined with the other broken end by NHEJ. The fragment "G" also could 
be used as template for OSI by the same mechanism. Other products of OSI are also possible. 
Solid triangles, l-Scel endonuclease cut sites; open triangles, Ac transposase cut sites (Coen 
et al, 1986; Rinehart et al, 1997); arrows, primers used for PCR. Boxed sequence indicates 
the Ds element. 
Figure 2 Independent repair junctions recovered from wild type and mutant leaves 
co-bombarded with pGUIDsIUS/pI-Scel. 
(A) Sequence flanking the DSB induced by l-Scel endonuclease. Sequences in bold are 
l-Scel recognition sequences and its flanking Pst I sites. 
61 
(B) DNA sequences (only top strand shown) of independent repair junctions recovered from 
wild type cells. The 28 independent repair junctions correspond to 19 unique sequences. 
Number of clones containing each sequence is shown at right. Sequences representing 
putative microhomologies used for end joining are shown in dashed boxes. Sequences 
representing filler DNA copied from DSB overhang are shown in italics. MH, 
Microhomology usage; #, Filler DNA; Ds*, truncated DNA. 
(C) DNA sequences (only top strand shown) of independent repair junctions recovered from 
Atku70 mutant cells. The 17 independent repair junctions correspond to 17 unique sequences. 
OSI, one-sided invasion. Other representations as in (B). 
(D) DNA sequences (only top strand shown) of independent repair junctions recovered from 
Atmrell mutant cells. The 17 independent repair junctions correspond to 12 unique 
sequences. Other representations as in (B) and (C). 
(E) Distribution of deletion sizes in the repair junctions in wild type and mutant cells. 
Horizontal axis, deletion sizes; vertical axis, percentage (%) of given deletion sizes. Number 
of clones with truncated Ds is excluded. The presence of truncated Ds in the repair junctions 
indicates that DSB probably was generated on only one side of Ds. 
(F) Frequency of insertions, deletions, microhomology usage and OSI pathway usage in the 
repair junctions in wild type and mutant cells 
Figure 3 Independent repair junctions recovered from wild type and mutant leaves 
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co-bombarded with pGUIDsIUS/pAc. 
(A) The original sequences prior to Ds excision. Sequences in bold indicate the Pstl and 
l-Scel recognition sites flanking Ds. Open triangles, Ac transposase cut sites (Coen et al, 
1986; Rinehart et al, 1997). 
(B) Expected hairpin structures after Ds excision 
(C) DNA sequences (only top strand shown) of independent repair junctions recovered from 
wild type cells. The 22 independent repair junctions correspond to 15 sequences. 
(D) DNA sequences (only top strand shown) of independent repair junctions recovered from 
ku70 mutant cells. The 22 independent repair junctions contain 12 sequences. 
(E) DNA sequences (only top strand shown) of independent repair junctions recovered from 
mrell mutant cells. The 18 independent repair junctions contain 10 sequences. 
Numbers at right indicate the number of clones obtained of each sequence. The underlined 
sequences indicate a segment possibly copied from the flanking region on the other side of 
Ds, in the different DNA strand. OSI, one-sided invasion; Ds*, truncated Ds; MH, 
microhomology usage. 
Figure 4 Independent repair junctions recovered from line GUDsUS/Ac in Ku70 wild type 
and mutant background. 
(A) Original sequence without Ds excision. Arrows, Ac transposase cut sites according to 
sequencing results in "C" and "D" of this figure. 
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(B) Expected hairpin structures after Ds excision 
(C) DNA sequences (only top strand shown) of independent repair junctions recovered from 
Ku70 wild type cells. The 28 independent repair junctions correspond to 18 sequences. 
Sequences representing putative microhomologies used for end joining are shown in dashed 
boxes. Sequences representing filler DNA are shown in italics. Sequences representing 
palindromes are underlined, with the additional palindromic nucleotides in boldface. The 
base at the hairpin apex is in boldface in each pattern. #, insertion; MH, microhomology 
usage; **, large palindromes; *, small palindromes. Patterns without palindrome but with the 
base at the apex are included in the small palindrome group, because that base is also from 
the bottom strand. 
(D) DNA sequences (only top strand shown) of independent repair junctions recovered from 
ku70 mutant cells. The 25 independent repair junctions correspond to 21 sequences. Other 
representations as in (C). 
(E) Distribution of deletion sizes in the repair junctions in Ku70 wild type and mutant cells. 
Horizontal axis, deletion sizes; vertical axis, percentage (%) of given deletion sizes. 
(F) Frequency of palindromes, insertions, deletions and microhomology usage in the repair 
junctions in Ku70 wild type and mutant cells 
Figure 5 Independent repair junctions recovered from line GUDsUS/Ac in Mrell wild type 
and mutant background. 
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(A) Original sequence without Ds excision. Arrows, Ac transposase cut sites according to 
sequencing results in "C" and "D" of this figure. 
(B) Expected hairpin structures after Ds excision 
(C) DNA sequences (only top strand shown) of independent repair junctions recovered from 
Mrell wild type cells. The 33 independent repair junctions correspond to 16 sequences. 
Other representations as in Fig 4. 
(D) DNA sequences (only top strand shown) of independent repair junctions recovered from 
mrell mutant cells. The 29 independent repair junctions correspond to 17 sequences. Other 
representations as in Fig 4. 
(E) Distribution of deletion sizes in the repair junctions in Mrell wild type and mutant cells. 
Horizontal axis, deletion sizes; vertical axis, percentage (%) of given deletion sizes. 
(F) Frequency of palindromes, insertions, deletions and microhomology usage in the repair 
junctions in Mrell wild type and mutant cells 
Figure 6 Model for Ds-induced DSB repair in plants. 
Ds contains terminal inverted repeats and subterminal sequences (dotted regions in the box) 
at both sides (a). Binding of Ac transposase to subterminal and terminal regions induces 
looping of Ds and brings Ds flanking regions into proximity (b). Ds excision by Ac 
transposase induces hairpin formation at Ds flanking sequences, and the hairpins may be 
associated with the postcleavage complex (c). Remodeling of the postcleavage complex 
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induces the binding of Ku to the hairpins (d). Recruitment of hairpin-opening factor and 
probably also the RadSO/Mrell complex to the hairpins (e) results in DSB formation and the 
bridging of the broken DNA ends by the RadSO/Mrell complex and Ku (f). The 
RadSO/Mrell complex together with Ku promotes DNA ligase IV-catalyzed DNA end 
joining (g). 
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l-Scel 
ctgcagtagggataacagggtaattagggatgaaa tttcatccctgfcagggataacagggtaatctgcag 
qacqtcatccc^attgtcccatt^atccctacttt aaaqtaqqqacl^ccc^attgtcccattaqacqtc 
Ac transposase 
or I-Scel endonuclease 
DSB 
SSA OSI 
NHEJ 
Figure 1 
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act cgactgcagtagggataa 
tgagctgacgtcatccc 
actcgactgcagtagggataa 
actcgactgcagtagggat 
act cgactgcagtagggia +28bp 
actcgactgcagtag 
actcgactgcagta 
actcgactgciagta + 39bp 
acCcgactgoagl 
actcg a|c tgcagj 
actcgiaj 
21bp deletion 
25bp deletion 
32bp deletion 
6lhp deletion 
88bp deletion 
82bp deletion +144bp 
cagggtaatctgcagg tgcag 
tattgtcccattagacgtccacgtc 
cagggtaatctgcagg tgcag 
cagggtaatctgcagg tgcag 
[tiaacagggtaatctgcaggtgcag 
cagggtaatctgcagg tgcag 
acagggtaatctgcaggtgcag 
Ë#îgggtaatctgcagg tgcag 
ggtaatctgcaggtgcag 
gtgcag 
t aacagggtaatctgcaggtgcag 
cagggtaatctgcaggtgcag 
I faacagggtaatctgcaggt g c ag 
Cagggtaatctgcaggtgcag 
fata acagggtaatctgcagg tgcag 
acagggtaatctgcagg tgcag 
cagggtaatctgcaggtgcag 
54bp deletion 
# of clones 
8 
2 
1 #, MH 1 
1 #, MH 
#, MH 
MH 
MH 
#, MH 
134bp deletion +Ds* tagggataacagggtaatctgcaggtg cag 
act egactgcagtagggataacagggtaat +Ds* 21Obp deletion 
actcgactgcagtagggataacagggtaat +Ds* 204bp deletion 
1 1 
2 1 1 1 1 
1 #,MH 1 # 1 1 # 1 1 1 
#,MH 
MH 
actcgactgcagtagggataa 
actcg a c tgcagt ai + llbp 
act cgactgcagtag + 2bp 
actcga ctgcagtagggl 
actcgagtSsiS 
act cgagtgcagj 
actEgal +*3bp 
actcgactig +22bp 
actcgactgcagtagggataa +3bp 
46bp deletion + Sl/p 
73bp deletion +18bp 
47bp deletion 
38 bp deletion 
79bp deletion + llbp 
94bp deletion + 7bp 
192bp deletion + 225bp 
cagggtaatctgcaggtgcag 
acagggtaatctgcaggtgcag 
gggtaatctgcagg tgcag 
taatctgcaggtgcag 
gtgcag 
21bp deletion igtgdag 
35bp deletion 
55bp deletion 
acagggtaatctgcaggtgcag 
acagggtaatctgcaggtgcag 
&tacag; 
31bp deletion 
+ 37bp by OSI gtgcag 
+ 86bp by OSI gtgcag 
+ 36bp by OSI gtgcag 
2llbp del+ 64bp + Ds* tagggataacagggtaatctgcaggtgcag 
1 #, MH 
# 
MH 
MH 
MH 
#,MH 
#, MH 
# 
# 
# 
actcgactgcagtagggataa 
actcgactgcagtagggat 
actcg actgcagtaggg 
adB 
actcg aptgeagj 
52bp deletion 
actcgac tgcag t aggga tiaa] 
202bp deletion 
act eg actgcagtagggat aj 
30bp deletion 
50bp deletion 
actcgactgcagtagggataacagggtaat 
35 
30 
25 
20 
+112bp 
+3 74bp 
(5bp MH) 
cagggtaatctgcaggtgcag 5 
cagggtaatctgcaggtgcag 2 
[aatctgcagg tgcag 1 MH 
aacagggtaatctgcaggtgcag 1 #, MH 
gtgcag 1 MH 
jaatcjtgcag gtgcag 1 MH 
168bp deletion 1 #, MH 
208bp deletion 1 # 
36bp by OSI gtgcag 1 MH 
48bp by OSI gtgcag 1 
24bp by OSI gtgcag 1 MH 
+Ds* 51bp deletion 1 
£S Wild type 
m M re KO 
IUUJLIJLLUJ 
0  2  3  6  7  8  9  1  1  1 1 2 2 3 4 4 4 5 5 6 6 6 6 7 8 9 1 1 1 2 4  
5 6 8 9 1 5 0 5 6 7  5 8 1  2 5 9 3 8 4 0 3 6 0 1  
9  6  8  7  0  
Treatment Insertion Deletion Microhom OSI 
Total* Plasmid or 3' 0-30bp 31-100bp -ology 
genomic DNA overhang 
WT 8/28 3/28 6/28 22/25 2/25 10/28 0/28 
(29%) (11%) (21%) (88%) (8%) (36%) (0%) 
Kn7 0 KO 1 1/17 11/17 3/17 7/16 7/16 7/17 3/17 
(65%) (65%) (18%) (44%) (44%) (41%) (18%) 
Mrell KO 3/17 2/17 1/17 1 1/16 3/16 7/17 3/17 
(18%) (12%) (6%) (69%) (19%) (41%) (18%) 
* Some junctions contain insertions from both plasmid or genomic DNA and 3' overhang. 
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A actcg a ctgcagtagggataacagggtaa^ 
tgagctgacgtcatccctattgtcccatta, 
tagggataacagggtaatctgcaggtgcag 
atccctattgtcccattagacgtccacgtc 
B actcgactgcagtagggataacagggtaa\ 
t gag c tgacgtcatccctattgtcccatt z 
--agggataacagggtaatctgcaggtgcag 
.tccctattgtcccattagacgtccacgtc 
actcga 
actcga 
actcgactgcagtagggataacagggtaat ctgcaggtgcag 
actcqactgcagggtaatctgggtaacagggtaatctgcagqtgcaq 
+ 152bp by OSI (Ibp MH) 
+ 193bp by OSI 
116bp deletion 
136bp deletion (2bp MH) 
132bp deletion (2hp MH) 
61bp deletion +14bp 
117bp deletion 
219bp deletion 
209bp deletion 
+ 45bp by OSI 
+ 73bp by OSI 
+ 94bp by OSI 
+ 2bp by OSI 
153bp deletion 
220bp deletion 
131bp deletion . 
137bp deletion . 
175bp deletion . 
220bp deletion .. 
+152bp 66bp deletion 
+226bp 109bp deletion 
+188bp 84bp deletion 
Ds* + tagggataacagggtaatc tgcaggt g cag 
Ds* + tagggataacagggtaatctgcaggtgcag 
Ds* + tagggataacagggtaatctgcaggtgcag 
# of clones 
6 
3 
gtgcag 
gtgcag 
gtgcag 
gtgcag 
cag 
actcgactgcagtagggataacagggtaat ctgcaggtgcag 
actcgactgcagggtaatctggg taacagggtaatctgcagqtq cag 
192bp deletion 
81bp deletion 
77.bp deletion . 
actcgactgcagtag 
lOlbp deletion 
actcg 
48bp deletion 
actcg actgcagtagggataa cagggtaat +Ds* 
96bp deletion Ds*+ 
195bp deletion Ds*+ 
(Ibp MH) 
4 Obp 
64bp 
74bp by OSI gtgcag 
+12bp by OSI gtgcag 
+128bp by OSI gtgcag 
cagggtaatctgc agg tgcag 
tgcag 
182bp deletion 
49bp deletion 
219bp deletion 
tagggataacagggtaatctgcaggtgcag 
tagggataacagggtaatctgcaggtgcag 
actcgactgcagtagggataacagggtaatctgcaggtgcag 
actcgactgcagggtaatctgggtaacagggtaatctgcagqtqcag 
actcga +94bp by OSI 216bp deletion 
actc tactgcaggtgcag 
112bp deletion +81bp gtgcag 
63bp deletion 63bp deletion 
88bp deletion +117bp 145bp deletion 
169bp deletion +5&bp +Ds* tagggataacagggtaatctgcaggtgcag 
144bp deletion +76bp +Ds* tagggataacagggtaatctgcaggtgcag 
actcgactgcagtagggataacagggtaat +Ds* 161bp deletion 
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gcggcgattggtcagagct cl" 
cgccgctaaccagtctcgagL Ds 
*1 ggtcacgcaacgcgccccac 
J ccagtgcgttgcgcggggtg 
gcggcgattggtcagagctx 9 
cgccgctaaccagtctcga/ 
gcggcgattggtcagagctga 
gcggcgattggtcagagct 
gcggcgattggtcagagctgagctctgach; 
gcggcgattggtcagagctgagctcfegaccj 
gcggcgattggtcagagctgagctctgac 
gcggcgattggtcagagctg 
gcggcgattggtcagagct 
gcggcgattggtcagagctgaa 
gcggcgattggtcagagctga 
gcggcgattggtcagagctgg 
gcggcgattg 
gcggcgattggtcaga 
26bp deletion 
36bp deletion 
32bp deletion + 13bp 
gcggcgattgcf) 
30bp deletion 
(3bp MH) 
(8bp MH) 
/ gtcacgcaacgcgccccac 
c 
Ccagtgcgttgcgcggggtg 
# of clones 
gtcacgcaacgcgccccac 8MH, * 
gtcacgcaacgcgccccac 3 MH, * 
gttgcgtgaccgtcacgcaacgcgccccac I MH, *' 
gtcacgcaacgcgccccac 1 MH,*' 
ggtcacgcaacgcgccccac 1 #, ** 
cgtcacgcaacgcgccccac l* 
ccgtcacgcaacgcgccccac 1 * 
tcacgcaacgcgccccac 1 #, * 
cacgcaacgcgccccac 1 * 
cgcaacgcgccccac 1 MH, * 
[gtc| cgcaacgcgccccac 1 MH 
tcacgcaacgcgccccac 1 
gtcacgcaacgcgccccac 2 MH 
gtcacgcaacgcgccccac 1 
acgcgccccac l# 
25bp deletion 1 MH 
8Ibp deletion 1 MH 
32bp deletion 1 MH 
gcggcgattggtcagagctga 
gcggcgattggtcagagctgagctctgactgga 
gcggcgattggtcagagctgagctctgac^ 
gcggcgattggtcagagctgagctctgacc 
gcggcgattggtcagagctgagctctgaccaatgcctc 
gcggcgattggtcagagctctgaccacgtta 
gcggcgattggtcagagctgagctcEgaccj 
gcggcgattggtcagagctgagctctgac 
gcggcgattggtcagagctgagctct 
gcggcgattggtcagagctgagctctga 
gcg 
gcggcgattggtcaga 
25bp deletion 
25bp deletion 
26bp deletion 
g 
gcgg 
32bp deletion 
32bp deletion 
32bp deletion 
gEgg] 
GO 
so 
40 
30-
20 
10 
[gtcacgcaacgcgccccac 1 MH, ' 
cgttgcgtgaccgtcacgcaacgcgccccac 1#,** 
gttgcgtgaccgtcacgcaacgcgccccac 1MH, * 
ggttgcgtgaccgtcacgcaacgcgccccac 1#,** 
cgtgaccgtcacgcaacgcgccccac 1#,** 
gttgcgtgaccgtcacgcaacgcgccccac 1#,** 
gtcacgcaacgcgccccac 3MH, * 
ggtcacgcaacgcgccccac 1#,** 
+ 91bp aacgcgccccac 1#,** 
içcajc 1 MH, * 
[gtgaccgtcacgcaacgcgccccac 1 MH, * 
acagcgccccac l # 
[gttgcgtgaccgtcacgcaacgcgccccac 1 MH, * 
gtcacgcaacgcgccccac 1MH 
[gtcacgcaacgcgccccac 1 MH 
acgcgccccac l 
Iciccac 1 MH 
aatgcgtgaccgtcacgcaacgcgccccac 1#,** 
cgjtgaccgtcacgcaacgcgccccac 2 MH, * 
tggccgtcacgcaacgcgccccac 1#,* 
81bp deletion 2 MH 
ES Ku70 KO 
• Ku70 WT 
• • • I • a A 11 • 
2 3 4 5 6 7 8 9  1 1 2 2 2 3 3 3 3 4 4  
7 9 6 7 8 0 3 4 7 1  6  
5 6 9 1 
12 7 0 
0 
Treatment Palindrome Deletion Insertion Microho 
-mology Large Small l-10bp ll-50bp 
Ku70 WT 3/28 
(11%) 
16/28 
(57%) 
21/28 
(75%) 
5/28 
(18%) 
3/28 
(11%) 
20/28 
(71%) 
Ku70 KO 16/25 
(64%) 
2/25 
(8%) 
11/25 
(44%) 
12/25 
(48%) 
9/25 
(36%) 
15/25 
(60%) 
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gcggcgattggtcagagctcr 
cgccgctaaccagtctcgagL Ds 
"I ggtcacgcaacgcgccccac 
Jccagtgcgttgcgcggggtg 
gcggcgattggtcagagct \ 
- 9  
cgccgctaaccagtctcga' 
gcggcgattggtcagagctga 
gcggcgattggtcagagctgagt 
gcggcgattggtcagagct 
gcggcgattggtcagagct? 
gcggcgattggtcagagctg 
gcggcgattggtcagagct 
gcggcgattggtcagag 
gcggcgattggtcagagctga 
gcggcgattggtcagag] 
gcggcgattggtcagagqti 
gcggcgattggtcagagc 
gcggcgattggtcagagctg 
gcggcgattggtcagagB 
26bp deletion 
gcggcgattggtcagagctg] 
gcggcgattggtcagagct 
/ gtcacgcaacgcgccccac 
xcagtgcgttgcgcggggtg 
# of clones 
jgyt cacgcaacgcgccccac 11 MH, * 
gtcacgcaacgcgccccac 1 #, * 
ccgtcacgcaacgcgccccac 2 * 
Ggtcacgcaacgcgccccac 1 * 
gtcacgcaacgcgccccac 1 * 
[gtcacgcaacgcgccccac 1 MH, * 
Ccgtcacgcaacgcgccccac 2 MH, * 
tteacgcaacgcgccccac 1 #, * 
accgtcacgcaacgcgccccac 1 MH,** 
cacgcaacgcgccccac 1 MH 
^cacgcaacgcgccccac 1 MH 
cacgcaacgcgccccac 2 MH, * 
a cgcaacgcgccccac 2 MH 
gtcacgcaacgcgccccac 4 MH 
45bp deletion 1 MH, * 
5Obp deletion 1 
gcggcgattggtcagagctga 
gcggcgattggtcagagctg 
gcggcgattggtcagagB 
gcggcgattggtcagagctgaa 
gcggcgattggtcagag^ 
gcggcgattggtcagagc 
gcggcgattggtcagagctga 
gcggcgattggtcagagctg^] 
gcggcgattggtcagagc 
gcggcgattggtcagag 
gcggcgattggtcagagB 
gcggcgattggtcagagct 
gcggcgattggtcagagct 
gcggcgattggtcaga 
gcggcgattggtcagiaj 
gcggcgattggtjcaj 
gcggcgattggtcagagc: 
gtcacgcaacgcgccccac 
ccgtcacgcaacgcgccccac 
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Figure 5 
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CHAPTER 3 COMPARISON OF TRANSPOSON DS-INDUCED 
GERMINAL AND SOMATIC TRANSPOSITION AND 
RECOMBINATION 
A paper to be submitted to Molecular and Cellular Biology 
Zhuying Li and Thomas Peterson 
Abstract 
The maize Ac/Ds transposable element system has been shown to function in heterologous 
hosts such as Arabidopsis. To test the potential effect of genomic position on Ds transposition, 
we compared Ds transposition frequency in five independent Ds-GUS T-DNA single 
insertion lines. These lines contain the same stable locus to express Ac transposase. In the F2 
generation, the frequency of somatic transposition is similar among the five different lines. 
However, the frequency of germinal transposition varies widely, ranging from 0% to 65%. 
These data indicate a strong locus-dependent effect on germinal Ds transposition frequency. 
Furthermore, the mechanism of repair of Ds transposition-induced double strand break (DSB) 
is also locus-dependent. In one transgenic line, the frequency of non-homologous end joining 
(NHEJ) is 40%, and the frequency of homologous recombination (HR) is 25%. These results 
demonstrate that position has a marked effect on the frequency of Ac/Ds transposition and 
the mechanism of repair of the resulting DSB. Interestingly, this position effect seems limited 
to transposition events occurring in cells that are destined to be transmitted to the next 
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generation. These results add further evidence to the dynamic impacts of transposable 
elements on recombination and their potential influences on genome evolution. In addition, 
the high frequency of germinal HR for Ds transposition-induced DSB repair suggests that 
Ac/Ds system could be an efficient tool for gene targeting in plants. 
Introduction 
The maize Ac/Ds transposable elements belong to the hAT transposon superfamily, whose 
name derives from the archetypical members hobo of Drosophila, Ac of maize, and Tam3 of 
Antirhinum. Genetic and biochemical studies indicate that hAT elements transpose via a 
"cut-and paste" mechanism (7). Ac is an autonomous element, whereas Ds requires the 
presence of an Ac-encoded transposase for transposition. Ac/Ds transposition requires the 11 
bp terminal inverted repeats and approximately 250 bp of subterminal sequences at both ends 
(6, 25, 29). Ac transposase binds to a hexameric motif AAACGG which is present in multiple 
copies in both subterminal regions (9, 13). Ac transposase preferentially binds to 
hemi-methylated AAACGG motifs, consequently, Ac/Ds transposition occurs during or 
shortly after DNA replication (19, 26). 
Gene transfer experiments have shown that Ac/Ds can transpose in a variety of plant 
species. The same type of predominant footprint is generated by Ac/Ds excision in maize, 
Arabidopsis, wheat, rice, and barley (14, 15, 17, 22, 24), indicating that the mechanisms of 
Ac/Ds excision are conserved among plants. Although there is some variation in 
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transposition frequency between different loci (2) or between different insertion sites in the 
same locus (3), it is generally believed that the dosage of Ac transposase is a key factor that 
affects the frequency of Ac/Ds excision, at least, in maize and Arabidopsis (2, 11, 12, 23). 
It is generally accepted that, unlike animals, plants do not have a separate germ line. 
Instead, the plant life cycle alternates between the sporophytic and gametophytic phases; 
pre-gametophytic cells are recruited from meristematic cells of the sporophyte (4). However, 
literature reports commonly refer to Ac/Ds transposition events that are observed in 
vegetative cells of the sporophyte as somatic. Likewise, transposition events that are 
inherited are commonly referred to as germinal, even though transposition could have 
occurred in either the sporophytic or gametophytic cells that give rise to the pollen or egg cell 
(2, 11, 12). For convenience, we will use a similar meaning for somatic and germinal 
transpositions in this paper. 
A double strand break (DSB) is left behind at the donor site after Ac/Ds excision. The 
broken DNA ends are repaired mainly by NHEJ (8, 21), and also by synthesis-dependent 
strand annealing (SDSA) (20, 30) and single strand annealing (SSA) when Ac/Ds is flanked 
by direct repeats (1, 28). In maize, germinal excisions of Ac do not stimulate homologous 
recombination at the bronze 1 locus (8). In Arabidopsis, germinal-transmitted homologous 
recombination events induced by Ds excision are much less frequent than somatic 
homologous recombination events (28). These data indicate that germinal homologous 
recombination induced by Ac/Ds excision is rare and that there is no correlation between 
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germinal and somatic homologous recombination. However, it has not been proven that the 
observed low level of germinal homologous recombination is actually due to low germinal 
transposition frequency. It is possible that germinal transposition is frequent, but that the 
ensuing DSB repair occurs via different pathways whose products are not perceived as 
arising from transposition. 
In this study we show that the frequency of germinal Ds transposition is locus-dependent, 
and that there is no correlation between germinal and somatic transposition frequency for the 
same Ds element inserted at different loci. Moreover, the utilization of germinal repair 
pathways for Ds transposition-induced DSB is also locus-dependent. These results provide 
new insight into the complexity of DSB repair following transposon excision. 
Materials and Methods 
Vector construction 
Vector pGS005 provided by Dr. Avraham Levy was digested with PstI and Bglll to excise 
35S-Ds-GUS fragment. The Ds element used was derived from Ac by a frame-shift mutation 
in the Ac transposase coding sequence. A mini binary vector pCB302 provided by Dr. 
Chengbin Xiang (27) was digested at the MCS region with PstI and BamHI. The excised 
fragment 35S-Ds-GUS was ligated with the digested binary vector to generate the binary 
vector p35SDsGUS. 
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Plant transformation 
Ac transposase line CS8537 obtained from Arabidopsis Biological Resource Center 
(ABRC) was transformed by floral dip (5) with Agrobacterium strain C58CI containing the 
binary vector p35SDsGUS. The transformed seeds were grown in soil and young seedlings 
were sprayed with a diluted Liberty herbicide solution containing 10-20 mg/L glufosinate 
ammonia. The resistant transgenic plants were further screened by histochemical staining and 
Southern hybridization to identify five independent single insertion lines (CSDG9, CSDG21, 
CSDG36, CSDG41 and CSDG141). The genotype (Fl) of these five transgenic lines is 
35SDsGUS/-, 35SAc/35SAc. 
Histochemical assay of F2 generation 
Fl plants of the five transgenic lines were allowed to self-pollinate, and resulting F2 
seedlings were grown in growth chamber at 20°C with 16h light. Young seedlings (10 or 14 
days after sowing seeds) were stained in X-Gluc solution containing 2mM X-Gluc (Rose 
Scientific LtD. Canada), 0.1M phosphate Buffer, lOmM Na2EDTA (pH8.0), 2mM Potassium 
Ferrocyanide, 2mM Potassuim Ferricyanide and 0.1% Triton X-100. Stained seedlings were 
kept in darkness at 37°C for approximately 40 h, then washed and bleached with 70% 
ethanol for two days. The bleached seedlings were checked for germinal and somatic 
transposition using a dissecting microscope. 
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PCR-based genotyping of F2 plants 
F2 plants of lines CSDG21 and CSDG41 were grown in soil for approximately one month. 
Plants were removed from soil and washed with water. The roots and first two leaves of each 
plant were stained with X-Gluc solution. The rest of the plant was stored at -80°C. The 
stained plant parts were checked to identify blue plants, plants with blue spots, and colorless 
plants. DNA was extracted using CTAB from the frozen plant parts of the chosen blue, 
blue-spotted and colorless plants. PGR amplifications were performed using the following 
primers: PI: GGAGAGGACAGGCTTCTTGAG; D4: TTCATGTGTGATTTTACCGAAC; 
D5: GAAACGGTCGGGAAACTAGC; DW2: TGACCCACACTTTGCCGTAATG. PGR 
reactions were performed using Eppendorf hot start Taq DNA polymerase in the following 
conditions: 94°C for 2 minutes; then cycled 35 times at 94°C for 20 seconds, 57°C for 10 
seconds, 65°C for 50 seconds; and finally extended at 65°C for 10 minutes. PGR products 
were assayed by agarose gel electrophoresis. 
Inverse PGR to identify genomic location of the Ds-GUS T-DNA insertion 
About 2 p.g genomic DNA from Fl plants of CSDG21 and CSDG141 was digested with 
PstI. (PstI was chosen because Pstl-digested genomic DNA gave small bands (~2kb) for 
these two transgenic lines in Southern hybridizations probed with transgene fragment.) The 
digested genomic DNA was purified using a Qiagen spin column and self-ligated in a 200j_il 
reaction solution with 10 Unit T4 DNA ligase at 4°C overnight. A 20pl reaction solution was 
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used for PCR with primers pBarl/pBarS. The PCR products were excised from an agarose 
gel, purified, and used for nested PCR with primers pBar6/pBar7. The nested PCR products 
were purified from the agarose gel and sequenced at the ISU DNA Sequencing and Synthesis 
Facility. PCR was performed using Eppendorf hot start Taq DNA polymerase under the 
following conditions: 94°C for 2 minutes; then cycled 35 times at 94°C for 20 seconds, 51°C 
(54°C for pBar6/pBar7) for 20 seconds, 65°C for 3 minutes; and finally extended at 65°C for 
10 minutes. 
The sequences of the primers used are as follows: 
pBarl: TTGTCTCGATGTAGTGGTTG; pBar5: GCACGCAACGCCTACGACTG 
pBarô: CCCACCTGCTGAAGTCCCTG; pBar7: TCGTTCTGGGCTCATGGTAG 
Results 
Experimental design 
We introduced the binary vector p35SDsGUS into Arabidopsis plants homozygous for a 
non-transposing Ac transposase coding sequence driven by the CaMV 35S promoter 
(CS8537). Figure 1 shows the schematic diagram of the vector inserted in the genome. The 
Ds element is inserted downstream of the CaMV 35S promoter, in the 5' untranslated leader 
of the GUS coding sequence, where it blocks GUS expression. A double strand break (DSB) 
induced by Ds excision can be repaired by NHEJ, restoring GUS activity. The DSB could 
also be repaired by SDS A or OSI (one-sided invasion), but these would not restore GUS 
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expression. Because NHEJ is the major repair pathway (8, 21), we used the frequency of 
GUS positive sectors as a measure of the frequency of transposition. Transformation of 
control (without Ac) Arabidopsis leaves with p35SDsGUS by bombardment showed no blue 
sectors, indicating that Ds cannot transpose in the absence of Ac (data not shown). 
The frequency of somatic transposition is similar for different transgene loci 
Independent transformants were screened by Southern hybridization (Figure 2) using a 
probe (Br) homologous to BAR gene and a probe (Gs) homologous to GUS gene (Figure 1) 
in order to identify single-copy transformant lines. Five single-copy lines were identified and 
further analyzed to determine Ds transposition frequency and DSB repair mechanism(s). 
Seedlings (approximately 10 days old from sowing seeds) from the 5 lines were 
histochemically stained. Figure 3 shows representative blue plants, plants with blue spots and 
colorless plants. Blue plants represent germinally-transmitted transposition events, while blue 
spots on plants represent somatic transposition. 
The frequency of somatic transposition was determined by counting the number of blue 
sectors on 10 seedlings (14 days old from sowing seeds) from each of the five transgenic 
lines (Table 1). Statistical analysis indicates that there is no significant difference in somatic 
transposition frequency between the transgenic lines CSDG9, CSDG21, CSDG36, CSDG41, 
and CSDG141. 
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The frequency of germinal transposition is locus-dependent 
To measure the frequency of germinal transposition, we analyzed the seedling progeny of 
the five transgenic lines. We determined the numbers of blue plants, blue-spotted plants, and 
colorless plants. Because somatic transposition frequency is similar between the 5 transgenic 
lines, we expected that the frequency of blue plants should also be similar between the 
different lines. However, the frequency of blue plants ranges from 0% for CSDG 9 and 
CSDG141, to 40% for CSDG21 (Table 2). We hypothesized that germinal transposition 
might take place during meiosis, and very likely at S phase since it is believed that Ac/Ds 
transposition occurs during or shortly after DNA replication (19, 26). 
The five transgenic lines were homozygous for the Ac-transposase locus, and hence all the 
seedling progeny should express transposase. In contrast, the 35S::Ds::GUS transgene 
was hemizygous in the Fl parental lines, and will thus segregate in the F2 seedlings. As 
shown in Figure 4, the numbers of blue, blue-spotted, and colorless plants in the F2 progeny 
will depend upon the frequency of germinal Ds transposition, and the mode of subsequent 
DSB repair. Repair by NHEJ should restore GUS expression of the transgene locus, 
generating blue plants. In contrast, repair by HR (either SDSA or OSI) would generate a 
GUS-negative transgene locus (Figure 1). Such a locus could give rise to a colorless plant, if 
it were to segregate together with a homologous locus that is also GUS-negative (either a 
GUS-negative transgene, or the non-transgenic homologous locus). Figure 4 shows all the 
possible combinations of genotypes and corresponding phenotypes in the F2 generation. If 
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there is no germinal Ds transposition, the ratio of blue-spotted plants to colorless plants is 3 
to 1 (Figure 4A). If Ds transposition-induced DSB is predominantly repaired by NHEJ, the 
ratio of blue plants plus blue-spotted plants to colorless plants is 3 to 1 (Figure 4B, 4C). If, 
however, Ds transposition-induced DSB is repaired by SDSA/OSI or by both NHEJ and 
SDSA/OSI, the proportion of colorless plants would be higher (Figure 4D, 4E, 4F). 
As shown in Table 2, four of the five transgenic lines exhibited an approximately 3:1 ratio 
of blue plus blue-spotted plants to colorless plants. This indicates that the 35S::Ds::GUS 
locus is inherited normally in these transgenic lines, and that the frequency of Ds 
transposition is approximately equal to the frequency of NHEJ. One transgenic line, CSDG21, 
exhibited an approximately 1:1 ratio of blue plus blue-spotted plants to colorless plants. We 
hypothesize that Ds transposition-induced DSB could be repaired by both NHEJ and HR, and 
accordingly the frequency of Ds transposition in transgenic CSDG21 line might be higher 
than 40%. 
Germinal utilization of Ds-induced DSB repair pathways is locus-dependent 
As described above, Ds transposition-induced DSB in transgenic line CSDG21 might be 
repaired by both NHEJ and HR. PCR was performed to further investigate the mechanism(s) 
of DSB repair in CSDG21. For a control we used line CSDG41, which shows 25% blue 
plants and a 3:1 ratio of blue plus blue-spotted to colorless plants, indicating that Ds 
transposition-induced DSB may be repaired mainly by NHEJ in this line. Representative 
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PCR results are shown in Figure 5, and the full results are summarized in Table 3. Primer pair 
P1/DW2 flank the Ds insertion site, but they can not amplify the -4.6 kb Ds element under 
the PCR conditions used (Figure 1). Therefore, PCR positive samples for P1/DW2 indicate 
Ds excision. All the blue plants and plants with blue spots gave positive PCR results with 
primers P1/DW2, as expected for somatic and/or germinal excision of Ds in those plants. In 
contrast, all the colorless plants gave negative PCR results with P1/DW2 (Table 3). There are 
three possible explanations. First, the colorless plants could be transgene-negative segregants 
(Figure 4A-F). Second, the colorless plants could contain a truncated Ds generated by SDSA 
or OSI (Figure 4D-F) which is too large to be amplified. Third, the primer site(s) used for 
PCR may have been deleted during DSB repair. 
To distinguish the three possibilities described above, PCR was performed using two 
additional pairs of primers: P1/D4 and D5/DW2. Primer pair P1/D4 detects the 35S::Ds 
junction, while primer pair D5/DW2 detects the Ds/GUS junction (Figure 1). Both primer 
pairs give positive results for all the blue-spotted plants tested (Table 3); this is expected 
because these plants will retain the Ds insertion in 35S::Ds::GUS in most of their cells. In 
transgenic line CSDG41, one blue plant gave positive PCR result for both primer pairs, 
indicating that this plant is heterozygous for 35SDsGUS and 35SGUS (Figure4B). All the 
colorless plants of CSDG41 were PCR negative for both primer pairs. Because the ratio of 
blue plants: blue-spotted plants: colorless plants is approximately 1:2:1 for transgenic line 
CSDG41 (Table 2), most, if not all, of the colorless plants should be negative for the 
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transgene. Only 1 out of 15 blue plants tested was found to be heterozygous for 35SDsGUS 
and 35SGUS, while the remaining 14 blue plants should be homozygous for 35SGUS, or 
hemizygous. Therefore, the F2 progeny of line CSDG41 appear to have the genotypic 
configurations shown in Figure 4A, 4B and 4C, with the genotype in Figure 4B being a 
minor part. The number of plants with the genotype of Figure 4 A could be about two times 
the number of plants with the genotype in Figure 4C, giving the final phenotypic ratio of 
approximately 1:2:1 for blue plants: plants with blue spots: colorless plants. 
In transgenic line CSDG21, all 20 colorless plants tested gave negative PCR results for 
primers P1/D4, while about half of them (8 out of 20) gave positive PCR results for primers 
D5/DW2 (Table 3 and Figure 5). One out of 20 blue plants gave positive PCR results for 
primers P1/D4, while half of them gave positive PCR results for primers D5/DW2 (Table 3 
and Figure 5). PCR products amplified by primers D5/DW2 were sequenced and confirmed 
to contain the Ds/GUS junction. These data suggest that, in the progeny of CSDG21, about 
half of the colorless plants and half of the blue plants contain a transgene which has a 
deletion at the 35S/Ds junction. Most likely this structure was generated by OSI as shown in 
Figure 1. Therefore, Ds transposition-induced DSB in transgenic line CSDG21 could be 
repaired by both NHEJ and HR. In addition, because approximately half of the blue plants 
and colorless plants contain a truncated Ds, and plants with blue spots comprise a smaller 
part of the F2 population (Table 2), the F2 progeny of transgenic line CSDG21 might at least 
have the combination of genotypes in Figure 4A and 4F, with 4A being a minor part. 
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Genomic location of 35S::Ds::GUS transgenes 
Inverse PCR was performed to identify the genomic locations of the Ds-GUS T-DNA 
insertions in CSDG21 and CSDG141 lines. CSDG21 line has highest germinal transposition 
frequency while CSDG141 has no germinal transposition (Table 2). These two lines were 
chosen to investigate if and how genomic locations influence the germinal transposition 
frequency. In CSDG21, the Ds-GUS T-DNA is located in the third intron of gene Atlg63610, 
which is located in the bottom arm of chromosome one and encodes a protein of unknown 
function. In CSDG141, the Ds-GUS T-DNA is located in the 3' UTR of gene At3g54290, 
which is located in the bottom arm of chromosome three and which also encodes a protein 
with unknown function. Figure 6 shows the detailed locations of the T-DNA. The location 
information does not provide any explanation for the observed difference in germinal 
transposition frequencies between these two lines. 
Discussion 
Differential effect of Ds position on somatic and germinal transposition 
It is generally believed that the dosage of Ac transposase is the primary factor affecting the 
frequency of Ac/Ds transposition in Arabidopsis. For example, the utilization of different 
promoters driving stable Ac results in different frequency of Ds transposition (11, 12). Also, 
the site of insertion of a stable Ac, not that of transposon Ds, determines the frequency of Ds 
transposition (23). In this study, we used a single source of Ac transposase to induce 
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transposition of Ds in a transgene construct integrated at five different genomic loci. The 
results indicate that transposition frequency is similar when assayed in developing seedlings 
(somatic assay, Table 1), but varies widely when measured as the frequency of inheritance of 
the transgenes in which Ds has excised (germinal assay, Table 2). These data indicate that 
germinal Ds transposition is locus-dependent, and there is no correlation between somatic 
and germinal transposition frequency. Ac/Ds transposition occurs predominantly during or 
immediately following DNA replication (19, 26). It has been reported that meiotic S phase is 
longer than mitotic S phase in many organisms studied (10), but it is unclear whether or how 
a difference in S phase length may affect Ds transposition frequency. The position of the 
transgene locus seems to strongly affect germinal transposition frequency, although the map 
locations of the transgene locus in line CSDG21 with highest germinal transposition 
frequency and line CSDG141 without germinal transposition did not reveal any obvious 
explanation for the observed differences (Table 2 and Figure 6). It seems most likely that 
locus-specific differences in replication timing and/or chromatin structure during meiosis 
may be involved in determining transposition frequency. 
Germinal Ds transposition-induced DSB could be repaired by HR at high frequency 
Previous studies indicate that the repair of germinal Ds transposition-induced DSB by HR 
is rare (8, 28, 30). However, our study identified a line (CSDG21) whose progeny show a 
high frequency of repair of Ds excision by HR. In this line, about half of the F2 plants are 
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colorless (Table 2), and about half of the colorless plants contain a truncated Ds generated by 
HR (Table 3 and Figure 5). Thus the frequency of colorless plants with truncated Ds is 
around 25% in F2 generation of CSDG21, while the frequency of blue plants which represent 
NHEJ in the same generation is approximately 40%. We conclude that the frequency of 
germinal Ds transposition is approximately 65% in line CSDG21. Furthermore, 
approximately 1 out of 3 Ds excision events are repaired by HR. To our knowledge, this is 
the first report of a high frequency of repair of Ds transposition-induced DSB by HR. 
It has been reported that both the sister chromatid and homologous chromosome can be 
used for recombinational DNA repair in somatic plant cells (16). We can infer that the 
template of germinal HR in our study is the sister chromatid, because the Fl plants used are 
hemizygous for Ds-GUS. 
We also considered whether the repair pathway utilization may differ between pollen and 
egg cells. Analysis of the F2 genotypes of line CSDG41 shows that the same types of repair 
products are contributed by both pollen and egg cells (mainly Figure 4A plus 4C). Thus, 
there is no bias in DSB repair pathway utilization for pollen and egg cells in line CSDG41. In 
contrast, the F2 genotypes of line CSDG21 show that pollen and egg cells appear to 
contribute different repair products to F2 genotype (mainly Figure 4F). These results 
demonstrate that the pathway utilization of Ds-induced DSB repair for pollen and egg cells is 
locus-dependent. 
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Figure Legends 
Figure 1 Schematic diagram of Ds-GUS T-DNA insertion in genomic DNA 
DSB induced by Ds excision could be repaired by NHEJ, which would restore GUS activity. 
Repair by SDSA or OSI could generate insertions of filler DNA, and/or truncations of Ds. 
One possible product, a truncation of Ds at one end, is shown. PI, D4, D5 and DW2 indicate 
primers used for PCR analysis (Figure 5 and Table 3). Br and Gs indicate probes used for 
Southern hybridization (Figure 2). 
Figure 2 Southern blot analysis of Ds-GUS T-DNA insertion in chromosomes of CS8537 
Genomic DNA extracted from transgenic Fl plants was digested with PstI and hybridized 
with probe "Br" (Figure 1) in panel A and "Gs" (Figure 1) in panel B. Panel A and B are from 
the same blot. Lane C: plasmid DNApGS005; other lanes: DNA from independent 
transgenic Fl plants; arrow indicates the presence of single band in lane 21 (transgenic 
CSDG21) and lane 41 (transgenic CSDG41) in both panel A and B. 
Figure 3 GUS staining results of transgenic CSDG21 line 
Seedlings used for histochemical assay are approximately 10 days old after sowing seeds. 
A: blue plants; B: plants with blue spots; C: colorless plants; D: Columbia transformed with 
GUS gene. 
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Figure 4 Possible genotypes and corresponding phenotypes in F2 progeny plants of the 
Ds insertion lines. 
Figure 5 PCR analysis of genomic DNA from transgenic line CSDG21 with primers 
D5/DW2 
Top panel: lanes 1-20, colorless plants; lane 21, negative control CS8537; lane 22, negative 
control Columbia; lane 23, positive control plasmid pGS005. 
Bottom panel: lanes 1-20, blue plants; lanes 21-23, plants with blue spots. M, lOObp ladder. 
Figure 6 Genomic locations of transgenic line CSDG21 and CSDG141. 
A. Insertion site of CSDG21. 
B. Insertion site of CSDG141 
The sequences of Ds-GUS T-DNA are in bold face; genomic DNA sequences are in italic. 
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Table 1 The frequency of somatic transposition 
Transgenic line CSDG9 CSDG21 CSDG36 CSDG41 CSDGI41 
# of blue spots* 221 194 205 213 153 
STDEV 65.13 32.39 41.43 43.98 27.10 
* the average of leaves of 10 seedlings (14 days after sowing seeds) 
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Table 2 The frequency of germinal transposition 
Transgenic 
lines 
No. of 
plants 
assayed 
No. of 
blue 
plants 
No. of 
plants 
with blue 
spots 
No. of 
colorless 
plants 
blue + blue spots 
plants/colorless 
plants 
Frequency 
of blue 
plants 
CSDG9 139 0 108 31 3.48:1* 0% 
CSDG21 340 137 47 158 1.16:1** 40% 
CSDG36 110 2 85 23 3.78:1* 2% 
CSDG41 275 68 142 65 3.23:1' 25% 
CSDG141 112 0 85 27 3.15:1* 0% 
* Not significantly different from a 3:1 ratio at the P=0.05 level 
** Not significantly different from a 1:1 ratio at the p=0.05 level 
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Table 3 The results of PCR with different pairs of primers for CSDG21 and CSDG41 
Primer 
pairs* 
CSDG21 (n = 43) . CSDG41 (n = 38) 
Colorless 
plants 
Plants with 
blue spots Blue plants 
Colorless 
plants 
Plants with 
blue spots Blue plants 
+ 
-
+ 
-
+ 
-
+ 
-
+ 
-
+ 
-
P1+DW2 0 20 3 0 20 0 0 18 5 0 15 0 
P1+D4 0 20 3 0 1 19 0 18 5 0 1 14 
D5+DW2 12 8 3 0 10 10 0 18 5 0 1 14 
* See figure 1 for the positions of different prirrers 
n: the number of plants analyzed, does not represent the ratio as Table 2 does 
+ : PCR positive;PCR negative 
CHAPTER 4. GENERAL CONCLUSIONS 
The utilization of double strand break (DSB) repair pathways is species-specific. Yeast 
mainly uses homologous recombination (HR) while non-homologous end joining is the 
predominant pathway in mammals and plants. The mechanisms of NHEJ were well studied 
in mammals and yeast, but not in plants. One of the core proteins for NHEJ is Ku 
heterodimer which is conserved in all organisms studied (Critchlow and Jackson, 1998; Gell 
and Jackson, 1999; Tamura et al, 2002). Ku can bind DNA ends with high affinity (Blier et al, 
1993; Ono et al, 1994) in a sequence- and structure-independent manner (Falzon et al, 1993; 
Pailland and Strauss, 1991; Pang et al, 1997). The binding of Ku to DNA ends with high 
affinity can protect broken DNA ends from degradation. Without Ku, large deletion will be 
induced. This has been demonstrated in all organisms studied including yeast (Boulton and 
Jackson, 1998), mammals (Guirouilh-Barbat et al, 2004; Liang and Jason, 1996) and plants 
in this study. Our study also showed that Ku can prevent the formation of filler DNA which 
has not been reported in other studies. These results indicate that Ku is essential for efficient 
end joining. 
One crucial step of NHEJ is the bridging of broken DNA ends. In higher vertebrates, 
DNA-PKcs serves as the end bridging factor (DeFazio et al, 2002). Ku recruits DNA-PKcs 
and translocates inward, leaving DNA-PKcs at the termini (Yaneva et al, 1997; Yoo and 
Dynan, 1999). The dimerization of DNA-PKcs bridges DNA ends, facilitating DNA end 
joining (DeFazio et al, 2002). However, yeast and Arabidopsis have no direct homologues of 
DNA-PKcs (Downs and Jackson, 2004). In budding yeast, Mrell/Rad50 complex serves as 
the end bridging factor (Chen et al, 2001) and mrell/rad50 mutants reduced the efficiency 
but not the fidelity of broken DNA end joining (Boulton and Jackson, 1998). In our study, 
Atmrell mutant increased the frequency of HR, indicating that the Mrell complex is 
essential for NHEJ in Arabidopsis. Also, Atmrell mutant did not affect the fidelity of broken 
DNA end joining. In higher vertebrates, the Mrell complex is not required for NHEJ (Tauchi 
et al, 2002; Yamaguchi-Iwai et al, 1999), probably because higher vertebrates use DNA-PKcs 
as end bridging factor. These data indicate that the mechanism of NHEJ in Arabidopsis 
resembles that in budding yeast. 
The maize Ac/Ds transposable elements belong to the h AT superfamily and transpose via a 
"cut and paste" mechanism. Ac/Ds can transpose in both germinal and somatic cells 
(Bancroft and Dean, 1993; Grevelding et al, 1992; Honma et al, 1993). It is generally 
believed that the dosage of Ac transposase is the key factor that affects the frequency of 
Ac/Ds excision (Bancroft and Dean, 1993; Grevelding et al, 1992; Honma et al, 1993; Smith 
et al, 1996). Our data indicate that the frequency of somatic transposition is similar between 
five independent Ds-GUS T-DNA insertion lines. However, the frequency of germinal 
transposition varies widely, ranging from 0% to 65%. These results indicate that the 
frequency of Ds transposition is loci-dependent, and the difference between somatic and 
germinal transposition is also loci-dependent. 
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The transposition of hAT elements forms hairpin intermediates on flanking DNA during 
excision (Zhou et al, 2004). The repair of the opened hairpins is mainly via NHEJ (Dooner 
and Martinez-Ferez, 1997; Scott et al, 1996). Three questions have long been asked about 
Ac/Ds transposition-induced DSB repair: (1) Is Ac transposase involved in DSB repair? (2) 
How are the hairpins formed upon Ds excision opened? (3) Why is J c/As-induced DSB 
repair by NHEJ relatively precise, while general NHEJ is error-prone in plants? In our study, 
comparison of Ds- and I-Scel-induced DSB repair revealed that Ac transposase is involved in 
Ds-induced DSB repair, by bringing the flanking DNA into proximity and probably also by 
bridging the broken DNA ends in a postcleavage complex. Furthermore, AtKu could position 
hairpin-opening by binding hairpins and restricting hairpin opening at sites close to the 
hairpin apex. AtMrell is not involved in hairpin-opening, but is required for precise end 
joining after hairpin opening. The binding of AtKu and AtMrell to DNA ends might be at 
different positions with AtKu binding inward and AtMrel 1 binding at the termini. 
The broken DNA ends formed after hairpin-opening can also be repaired by HR including 
synthesis-dependent strand annealing (Rubin and Levy, 1997; Yan et al, 1999) and single 
strand annealing (Athma and Peterson, 1991; Xiao and Peterson, 2000). Germinal HR may 
be of significant value for gene targeting in plants. Our study indicates that the utilization of 
germinal repair pathways for Ds transposition-induced DSB is loci-dependent. In one 
Ds-GUS T-DNA insertion line, the frequency of NHEJ is 40% and the frequency of HR is 
25%. This is in contrast to the traditional belief that the germinal repair of Ds 
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transposition-induced DSB by HR is rare (Dooner and Martinez-Ferez, 1997; Xiao and 
Peterson, 2000). To our knowledge, this is the first report of a high frequency of germinal HR 
to repair Ds transposition-induced DSB. 
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